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Radiation Hardness Testing
ATI-TDR-025

““ATLAS Simulation
'Tk“Inclined

1 MeV n, fluence [particles / cn’]

0 50 100 150 200 250 300 350 400
z [cm]
® Radiation hardness of detectors of critical importance to current and future projects; HL-LHC, FCC, ...

® |rradiation facilities for characterisation of detectors
= Strip sensors need to withstand 10" 1 MeV neq cm= at HL-LHC (3000 fb")
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http://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf?version=3

Radiation Hardness Testing Facilities

" Global campaign to characterise sensors and components
" |rradiation facilities established globally

AIDA Irradiation Facilities Database

Details] Radiation
o~ Institute Name] Country! Facility Name] Source Type] Field/Typel Funding Details]
+
- @ AR.TE. Italy Accelerator Heavy lons
@ ADVANCED RADIATION RESEARCH INSTITUTE Japan PROTON facility TIARA AVF Cyclotron (K110), Tandem, Proton
(JAEA) lon Implanter
NORTHAMERICA B EUROPE NORTHAMERICA
ASIA @ ADVANCED RADIATION RESEARCH INSTITUTE Japan Electron Beam Irradiation Cockcroft-walton type Electron
18 g (JAEA) Facility
Acifen::f Ac? @ ADVANCED RADIATION RESEARCH INSTITUTE Japan Gamma-ray Irradiation Co-60 Gamma
Pacific Ocean Pacific Ocean (JAEA) Facilities
Pacific Ocean AFRICA Pacific Ocean
@ ADVANCED RADIATION RESEARCH INSTITUTE Japan HEAVY IONS facility TIARA AVF Cyclotron (K110), Tandem, Heavy lons
(JAEA) lon Implanter
SOUTH AM A SOUTH AMERI(
v @ Aerial France feerix Rhodotron Electron
"RALIA Indian Ocean AUSTRALIA
@ Aerial France feerix Rhodotron X-Ray
@ Aerial France feerix Rhodotron X-Ray
@ Aerial France Van De Graaff VdG, linear accelerator Electron
Pacific Ocean Pacific Ocean
@ Aerial France Van De Graaff VdG, linear accelerator X-Ray
Leaflet | Powered by Esri | Esri, HERE, Garmin, NGA, USGS @ Aerial France KV X-rays X-Ray tube X- Ray
@ ALTER RADLAB Spain ALTER RADLAB Co-60 / Accelerator Gamma / Proton
Facilities Database @ ARC-Nucléart France ARC-Nucléart Irradiator Co-60 Gamma
@ ARRONAX France Gamma Irradiator Cs-137 Gamma
This database contains a list of several different Irradiation Facilities available at CERN, in Europe and Worldwide.
@ ATRON Metrology France FELIX Electron beam Electron
To show whole database, click on "Show Data".
To search by Country, Source Type, or Radiation Field select your filter in the dropdown menu. @ ATRON Metrology France FELIX X-Rays from electrons braking ~ X-Ray

If you would like to add a new facility, please first log in and then click on "Add Facility".

You can only modify the facilities that you are responsible for.

For further details please check our User Guide.

Search by Country Search by Source Type Search by Radiation Field/Type

All v All v All v
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NIEL and Hardness Factor

" Fluences expressed in 1 MeV neutron equivalent (neq)

for comparison Displacement damage in Silicon

for neutrons, protons, pions and electrons

Related by Hardness Factor K 104 [ [ IIIIII'\\I\I IIIIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ T TTTIH
" Usually calculated from bulk leakage current change Al 10 s o Sumimens: bt e
. . ' ' o~ ~ pions: Huhtinen
following irradiation - Dot e emers

" Assumption: Al scales with Non-lonising Energy Loss
(NIEL)

(W
-
-

——— ]

D(E)/95 MeVmb
=
[ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII| [T TTTHI

/

|

I

I

l

I

102 neutrons . _Z

,~ electrons =

Standard procedure to get k: 1073 -
*Measure Al after irradiation 10 -
*Fit Al/(depleted volume) vs fluence to get a N T T T T T T

104 1073 102 101 10V 10! 10° 10° 104

oK =
K a/aneq E[M@V]

A. Vasilescu & G. Lindstroem

1 UNIVERSITYOF Irfu- ceasaciay
BIRMINGHAM paniidl istusszmers P Knights - CPAD 2021 19/03/2021 4

de I'Univers




Hardness Factors at Different Facilities

Displacement damage in Silicon
for neutrons, protons, pions and electrons

104 [ [ IIIIII'\\I\I ||||||| [ [ ||||||| [ [ ||||||| [ [ ||||||| [ [ ||||||| [ [ ||||||| [ [ IIIIIZIE:

T~ neutrons: Griffin; Konobeyev; Huhtinen ]

103 \\\ _—— prottons: Summers; Huhtin};n t IE

\\\\ — — — pions: Huhtinen .

. ] 102 protons \\\ ———— electrons: Summers _;

" In practise, variety of hardness factors have been used: .
°*B’ham MC40: 2.2 for 23 MeV protons [K. Nikolopoulos, IPRD2016] 10! RN -

*ZAG/KIT: 2.05+0.61 for 24 MeV protons [A. Dierlamm, RD50

Workshop in Barcelona, 2010]
*RDS50 tables: ~2.56 for 25 MeV protonsinttps://rd50.web.cern.ch/

(W
-
-

-~ S —
—
—_—
— ]

—_ — -
—
-_—

D(E)/95 MeVmb
=

rd50/NIEL/default. htm| 102 neutrons . .
R t =
*CERN IRRAD: 0.62 for 23 GeV protons [NIM B186 (2002) 100] 107 Seo E
_5 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII:
104 103 1072 10! 100 10! 102 103 104
E[MeV]

A. Vasilescu & G. Lindstroem
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Standardisation of Hardness Factor Measurements

JINST 14 (2019) p12004
Experimental determination of proton hardness factors at

several irradiation facilities

® Clear need to standardise hardness factor measurements
- CO”aboratlon between UniverSity Of Birmingham, KarlsrUhe P. Allport,” F. Bogelspacher,“ K. Bruce,” R. Canavan,“ A. Dierlamm,“ L. Gonella,”

| nStltute Of TeCh nology CE RN P. Knights,? I. Mateu,” M. Moll,” K. Nikolopoulos,®! B. Phoenix,” T. Price,” L. Ram,“
_ ’ o F. Ravotti,” C. Simpson-Allsop® and C. Wood*
® Consistent methodology between facilities “University of Birmingham,
Birmingham, B15 2TT, UK.
YIRRAD Proton Facility,

CERN, CH-1211 Geneva 23, Switzerland
“Institute of Experimental Particle Physics, Karlsruhe Institute of Technology,
Karlsruhe, D-76131, Germany

E-mail: k.nikolopoulos@bham.ac.uk

ABSTRACT: The scheduled High Luminosity upgrade of the CERN Large Hadron Collider presents
new challenges in terms of radiation hardness. As a consequence, campaigns to qualify the radiation

0
C\ﬁw I R R A D I S[E% hardness of detector sensors and components are undertaken worldwide. The effects of irradiation
N7 Proton Facil ity @ N . g g (I T with beams of different particle species and energy, aiming to assess displacement damage in
semiconductor devices, are communicated in terms of the equivalent 1 MeV neutron fluence, using
the hardness factor for the conversion. In this work, the hardness factors for protons at three different
Karlsruher Institut fir Technologie ‘ - — . kinetic energies have been measured by analysing the I-V and C-V characteristics of reverse biased
U N l V h RS l l YOt diodes, pre- and post-irradiation. The sensors were irradiated at the MC40 Cyclotron of the
BIRMIN (} H A N]  University of Birmingham, the cyclotron at the Karlsruhe Institute of Technology, and the IRRAD
proton facility at CERN, with the respective measured proton hardness factors being: 2.1 + 0.5 for

24 MeV, 2.2 £ 0.4 for 23 MeV, and 0.62 + 0.04 for 23 GeV. The hardness factors currently used in
these three facilities are in agreement with the presented measurements.

UNIVERSITYOF Irfu- ceasacia
BIRMINGHAM paf iess e P Knights - CPAD 2021 19/03/2021
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https://arxiv.org/abs/1908.03049

Commercial Silicon Sensor: BPW34F

M .Moll, PhD thesis: Hamburg U., 1999

® BPW34F diode used for this study (3.99+0.3) 10°7 A/
o =(3.99+0.3)X cm

*Si PIN photodiode with daylight blocking filter
*Produced by OSRAM Opto-Semiconductors
*Commercially available

*Extensively studied

BPW34 Commercial p-i-n Diodes for High-Level
1-MeV Neutron Equivalent Fluence Monitoring

Federico Ravotti, Member, IEEE, Maurice Glaser, Michael Moll, and Frédéric Saigné

107 | 5
0.0 - ,©000000000000000000000000000000000 ’ ®
107 |
o
—0.2 1
: 107
BPW34F Diode —_
- —0.4 < .46
Active Area: 2.65x2.65 mm? = { = 10
-1
Full Depletion Depth: 300 ym 2 _06 — Fit 107
O § Meaurements
5
O ~0.8 I 108
10'9 10 M A ......111 A e .‘...112 A M .“.“113 2 e ..“.i14 M M AA....15
—1.0 - 10 10 10 10 10 10
-2
} Deq (cm ©)
—1.2 1 Fig. 3. BPW34F characteristics in reverse bias normalized to 20°C. Leakage

- - - - - current measurement and increasing irradiation levels with 23 GeV protons.
—200 —150 —100 —50 0
Voltage [V]
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University of Birmingham MC40 Cyclotron

" p,d, 3He, 4He ~continuous beam

® Dedicated high-dose rate beam line

® Proton current: <2 yA
* Typically use: 0.1-0.5 hUA

® Beam profile: ~10x10 mm?

® Flux: 1073 p/s/cm?

" Proton energy (extraction): 3-38 MeV
* Typically use 27 MeV

Beam ion Energy [MeV]

Protons 10.8—40 (N=1)
2.7-10 (N=2)

Deuterons 5.4-20 (N=2)
Helium-3 33-50 (N=1)
8—28 (N=2)

Helium-4 10.8—40 (N=1)

79 UNIVERSITYOF g} Irfu- ceasaciay
BIRMINGHAM - Institut de recherche

sur les lois fondamentales
de I'Univers
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Nuclear Physics News, 28:4, 15-20

MC40 Cyclotron
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https://doi.org/10.1080/10619127.2018.1463021

University of Birmingham MC4O Cyclotron

® Environmental control box

® Liquid N evaporative cooling ~-25°C ATLAS/AID,?‘ s i) faaa #oe

= Relative humidity~10% ‘ ; _=- Mg

® Both continually logged oo st ) (e §
= XY-axis robotic scanning i

.l 4 mm/s o §D=

Feed-though for read-out monitoring

Ni-foil activation dosimetry e = C
.28N|(p,X)28N|57 : ,' ,\"'" s M40
.A(I)p/(l)p"" 120% /\ -

Nuclear Physics News, 28:4, 15-20

MC40 Cyclotron
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https://doi.org/10.1080/10619127.2018.1463021

7ZAG/KIT

* Temperature in box: -30°C
*Goose-necks lead gas to individual samples

o= ~
r o~

The Irradiation Center Karlsruhe accesses a compact cyclotron
operated by ZAG Zyklotron AG

Typical proton current: 1.5 yA

Beam spot: ~ 7 mm

Flux: ~ 2.5 %1073 p/(s-cm2)

Proton energy (extraction): 25.3 MeV
Insulated box, cooled by cold nitrogen gas

Graphite plate to stop protons at the back Window with two Kapton foils for insulation
Samples fixed to Al-frames frames with Kapton tape and fixed in the box

Mounted on movable XY-stage

Horizontal speed at nominal current 115 mm/s

Dosimetry using Ni foil activation

UNIVERSITYOF @Y Irfu- cea saciay _
BIRMINGHAM gl Istiut de echerche P Knights - CPAD 2021
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—— | e

" CERN Irradiation: protons from the Proton Synchrotron iy e ,a‘

= Beam momentum: 24 GeV/c 3

® Beam profile: ~6x6 mm? to ~20x20 mm? (FWHM)
*Standard: ~12x12 mm2 (FWHM) spot size

® Beam intensity: ~5x10" protons/spill on cycles of 30-37 s
* Typically: 3 spills per CPS

® ~0.7-1 x 10 p cm= h™! (on 5x5 mm2 sample)

Counting Room -
Shuttle System

CERN IRRAD

-

— = h
- »

.|
!
|

B Samples placed in environmental controlled box
*Possible temperature down to -20°C
°*Room temperature in this study

® Mounted on movable XY-stage

® Dosimetry using Al foil
*2’Al(p,3pn)?*Na and 2’Al(p,3p3n)*°Na

.A(I)p/(l)p"" i7%

-
-

IRRAD Zone3
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Bonn Isochronous Cyclotron

" Electron-Cyclotron-Resonance ion source
*Protons, deuterons, Alpha, %C, ... UNIVERSITAT
Kinetic energy 7-14 MeV per nucleon

Few nA to uA beam current

Beam profile: mm < GFWHM < 2 cm

Flux(1 yA, GFWHM= 1cm) = 8x10'? p/(s-cm? )

Secondary Electron Multiplier (SEM) to monitor flux
* App/Pp~27%
" lrradiated diodes measured with standard methodology and

independently at Bonn with consistent results

7 UNIVERSITYOF Irfu- ceasacia
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BILPA

". Birmingham Instrumentation
'}. Laboratory for Particle physics
BIL PA and Applications

" Birmingham Instrumentation Laboratory for Particle physics and
Applications - more here

B |SO-14644-1 Class-5 and Class-7 clean room for semiconductor
detector system assembly and testing

B Presented measurements conducted in Class-7 cleanroom
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http://www.ep.ph.bham.ac.uk/general/SiliconLab/index.html

Pre-irradiation
LI DL L L B

Measurements: 1-V

'<é' T T

‘_g‘ 0_— ...oooooooo secccscccescecoe

5—105— ) -

= Devices annealed for 80 minutes at 60°C g I, :
" Measured using procedure described in JINST 14(2019) P12004 =

= |-V measured with Keithley 2410 source meter -30¢ -

" Measured at room temperature (~22°C) and scaled to 20°C _a0f h

® | eakage current evaluated at 100+10 V :

50 a0 e

Voltage [V]

Post-irradiation (1.6x10"" p/cm?)

2 o .—:

4 iy > A £ 105 .

2 o-10r o ]

[ o<1~ exp . 5 |
2k, T <
\ «kpl ] 8

—30+ /" _

Ea —121eV _405_ _

JINST (2013)P10003 P S I

-200 -150 -100 -50 0

Thermocouple Voltage [V]
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https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1748-0221/14/12/P12004&v=a94e1c50
https://iopscience.iop.org/article/10.1088/1748-0221/8/10/P10003/meta

Measurements: Depletion Voltage

® (Capacitance reading at 10 kHz
*\Wayne-Kerr 6500B precision Impedence Analyser
*Keithley 2410 Source meter for external bias
- Biased through junction box

Thermocouple
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Hardness Factors

o Average of 3 diodes
. MC40 ZAG/KIT |75 Sommennments
300 <3 3
3 360 10-2 -
d}:__t"__' 40 rg
T I =2.200.43 2
K=2112049 3 1of ¥ e : <
0455506306406 "506 806700
6 [10' p/lem?)
10—3 -
(b) ;
— 8 —20 . -
3 3. (different structures) - e —
=z’ E - 107! 10°
6 o Fluence ¢, [10* p/cm?]
> 12
4 10 . . .
\ 5 ® Diodes from Bonn measured first in Bonn and then
2 0600 ¥ N independently in Birmingham
K=006Z2+0. .
3 % . *Consistent results between two method
I - PR i e R
¢ [10" plem’] 6 [10" plem?)
(©) (@)

Figure 11. Change in leakage current as a function of proton fluence for BPW34F photodiodes irradiated at
(a) the MC40 cyclotron; (b) the Irradiation Center Karlsruhe; and (c¢) at the IRRAD proton facility; (d) FZ
pad diodes irradiated at the IRRAD proton facility.
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Results Overview

B 6Eﬁ'\" T 1 lll"T‘l"l"l T 1 IIIIIII T 1T 1T TTT1T11 I_‘I
13! S BRI NIM A 335 (1993) 580 -
S 2 IEEE NS40 (1993) -
LL R ﬂ o Birmingham 23 MeV (BPW34 diodes) -
n 5"_'3_ e Karlsruhe 24 MeV (BPW34 diodes) - oy
2 —: | m CERN 23 GeV (BPW34 diodes) 1™ Common methodology applied in all measurements
| i o CERN 23 GeV (FZ diodes) 1 o - -
£ C % o Bonn 10.4 MeV (BPW34 diodes, Birmingham) - Bonn and Birmingham independent measurements shown
S 4 : v Bonn10.4 MeV (BPW34 diodes, Bonn) 1™ Good agreement overall between measurements
T - -
- % 1 ® Future steps:
3 — elmprove fluence measurement - dominates uncertainty
- T 1 *Potential for improvement with more sophisticated test
; ,)’*« | structures
20~ 3 | *Expand measurements to more facilities
A Modified from ]
s JINST 14 (2019) p12004 |
: A LY ...oounuu.“.,“...“ .J:
_llll 1 1 lllllll 1 1l llllll 1 1 lllllll L]
10 107 10° 10
Energy [MeV]
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https://arxiv.org/abs/1908.03049

Fermilab Irradiation Test Area

® Fermilab ITA began irradiating user samples Jan 2021
*https://news.fnal.gov/2021/02/first-experiments-receive-beam-in-the-new-irradiation-test-area/
Protons from LINAC — ]
~5x10'2 proton per pulse
*~35 Us pulse

® Beam profile: ~1-7 cm?
Energy: 400 MeV

Movable staging platform eing Cove
*Cold box being developed oo Yy / - https://ita.fnal.gov/sample-holder/
® Dosimetry: BN
*Up-stream toroid: ~1% uncertainty i N
. Live monitoring e
*P-i-N diode array - R N
* Al foil S e

® Currently planning measurements

Linac

https://ita.fnal.gov/beam-overview/
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https://news.fnal.gov/2021/02/first-experiments-receive-beam-in-the-new-irradiation-test-area/

Fluence Measurements

28-NI-0(P,X)28-NI-57
EXFOR Request: 14036/1, 2019-Oct-25 22:20:27

L | I ]
__ 0.20 - B
2 : 5 )
© - £ :
L 0.15[ g o. B
- i 2 )
S 3o :
g 0.10 ; B
n i f i
m - i —
? i ]
S 0.05: }

0-_llDlll 1 lllllll 1 | lllllll | l.l-

10 50 102 5102 103

Incident Energy (MeV) P. Wolf et al. 35th RD50 Workshop, CERN 18/11/2019
" Fluence uncertainty dominant in measurements

® University of Birmingham and KIT use Ni foils dosimetry; 28Ni(p,X)?3Ni°’
*Uncertainty in cross-section results in ~20% uncertainty on fluence measurements
" |RRAD is higher energy - can use Al foils - ~7% uncertainty
" Bonn uses Secondary Electron Multiplier (SEM) - ~2% uncertainty - promising development
*Dominant uncertainty from difference between repeat measurements and temperature scaling
" FNAL ITA uses up-stream toroid - ~1% uncertainty
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Humidity
sensor

.

Device under

Alternative Devices °

BPW34F on PCB

Temperature
~100k---- -~ pistasepasay psesiutnss Rt anerenand > -
] BPW34F have SOme |Im|tat|0nS g_goo_ .......... ......... v Ll .......... -
*Energy uncertainty due to daylight filter material : | _#
°*No guard ring - lateral depletion oot
.. Y 4 4 7 A sl L s 200 mees 2W06 v |
*Hysteresis in |-V 7/ AR s |-
{ |. Kopsalis (UoB) |5 i
P00 Ti0 —s0 60 40 20 0
® Exploring use of different structures peverse voltage V]
- 800 . S
*Hamamatsu 8x8 mm? ATLAS17 strip sensors
. . TOO b s
" |Improvements in dosimetry make temperature/current
measurement uncertainties more important I E S /A S A
*Improved measurement box ]
= pA precision in | P T - L Y S
- Improved reproducibility R S AU S S S
- 2m ' ....... . .&l'l..‘tSI'.’p.n:nnly

ATLASTT pad only & det dep
. ATLASTT pad only tx after dep
lw . I ....... 8 8 ATLASIT pad-gr grounded
: ATLAS1TT pad-gr grounded fin bef dep
ATLASTT pad-gr grounded e afier dep
- I 8

L
0 100 200 300 400 500
—Reverse voltage |V |

a I |
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Summary

® Radiation hardness testing critical for future projects
* Consistency between irradiation facilities is key

" Hardness factor determined using same method at 4 institutes
*Qverall, good agreement between facilities

"= Will perform measurements at FNAL ITA this year

Improving technique for future measurements:
" Dosimetry is main source of uncertainty
*Improvement through up-stream toroid (FNAL ITA) and SEM (Bonn)

*SEM fluence monitoring to be used by University of Birmingham
irradiation facility in the future

® Second method using high-resistivity Hamamatsu diodes for ATLAS
ITk - results consistent with BPW34F diodes

" |Improving set-up for greater temperature/humidity control and
Improved current measurement precision
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Hardness Factor
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NIM A 335 (1993) 580
IEEE NS40 (1993)

Birmingham 23 MeV (BPW34 diodes)

Karlsruhe 24 MeV (BPW34 diodes)
CERN 23 GeV (BPW34 diodes)
CERN 23 GeV (FZ diodes)

Bonn 10.4 MeV (BPW34 diodes, Birmingham)

Bonn 10.4 MeV (BPW34 diodes, Bonn)
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https://arxiv.org/abs/1908.03049

Additional Material
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