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Distribution of All CERN Users by Nationality on 27 January 2020

MEMBER STATES
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Bulgana 71 '
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France 778

Germany 1177 -

Gireece 216
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Israel 59

Italy 1 856
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Spain 405

Sweden 74 " L =
Switzerland 204 - T
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Japan 274
Russia 1126
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TO MEMBERSHIP

Bolivia 2 Egypt 26 Ireland 14 Montenegro 8 Saint Kitts Uzbekistan 3

Cyprus OTHERS Bosnia & Herzegovina 2 El Salvador 1 Jamaica 1 Morocco 26 and Nevis 1 Venezuela 10

Slovenia Bostwana 1 Estonia 16 Jordan 2 Myanmar 1 Saudi Arabia 2 Viet Nam 10

Albania ! Brazil 121 Georgia 54  Kazakhstan 12 Nepal 8 Senegal 1 Yemen 1

Algeria 8 Burundi 1 Ghana 1 Kenya 1 New Zealand &} Singapore 4 Zambia 1
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Outlook

A Radiation levels at the >
CERN accelerator complex P

NN
L

A Why Radiation to Electronics (R2E) :‘;%:'%MPUTER\ o)

The Universe is Hostile to Computers

A Radiation Monitoring R&D

Special thanks and credits to the entire R2E team and SY-STI-BMI
section at CERN. These slides are a compilation of a collective effort.
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The LHC accelerator complex

A Long sequence of accelerators and
transfer lines to reach the LHC, for
proton and ion operation. .

A Energy increase by ‘u A  wo
each step.

A Four LHC Interaction Points (ATLAS, \mEF —
CMS, ALICE and LHCDb detectors). v}
) epe . @ e mnfxmlf
A Many experiments and facilities (e.g. N " apcrARM
CHARM test facility, discussed later). o ‘

Daniel Prelipcean | Radiation Monitoring R&D at the CERN Accelerator Complex



Layout of the LHC

The LHC radiation levels depend on the
location. The layout consists of eight
octants with left/right sides of 34 cells.

RF
& Future Expu

Cleaning

NN " LHC-B

STRUCTURE OF EACH OCTANT

e Long Straight Section (LSS), cells 1-7: key LHC
elements (Interaction Points, collimators..).

e Arc, cells 14-34: curved section with sequence
of dipole and quadrupole magnets.

* Dispersion Suppressor (DS), cells 8-13: curved

section connecting LSS and arc.

< hsertion LSS+DS = Insertion
| Long Straight Section | REgiOn (IR)
-—

Sector

—
-

[ I — J [ ]
| Dispersion Suppressorl— I— Dispersion Suppressor
Matching Section —_— —_— Matching Section

Inner Triplet Inner Triplet
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Sources of radiation: LHC collisions

B CMS Experiment at the LHC, CERN
% Data recorded: 201 8+A5+17 11,00:22.026624 GMT

Run / Event / 154314472 / 53576477 / 67

Inelastic scattering collisions in the IPs:

N, coll—inel — mel mt
Cross section: Integrated luminosity in the main
~ 80 mb for 13-14| | IPs (ATLAS and CMS):
TeV collisions ~ 50 fb-1/y in Run 2 (2015-18)
~ 250 fb-1/y in HL-LHC

- = 4-10%5 inelastic collisions per year in ATLAS/CMS in Run 2, = 2-:10%6 per year in HL-LHC.

The collisions produce particles in all directions, but a major fraction of high-energy products
are scattered at low angles - they propagate in the tunnel around the IPs (LSS and DS)

causing luminosity-driven radiation showers.
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Sources of radiation: beam-machine and beam-gas interactions

Beam-machine interactions Beam-gas interactions
e Before reaching the tunnel, LHC particles e Despite the vacuum system, the beam
typically interact with machine elements, pipes are not empty = the beams can
e.g. collimators, absorbers, magnets. interact with residual gas molecules.
e This is true both for collision products e Sub-dominant effect compared to other
(e.g. IR1-IR5) and in IRs where no sources. Relevant in the arcs, where it can
collisions are produced, where beam- cause R2E issues in distributed systems

machine interactions can be seen as the

with many units.
primary source of radiation.

scattered
particles

beam c o0©0o¢
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LHC radiation showers

1) Primary nuclear interaction (e.g. proton on machine <Y
nuclaar intaraction
element) producing a cascade of hadrons (p, n, K, x). K* K047 )‘\‘
. xh = rc KO 5
2) The shower develops into an EM component (from '\ ' Xy
_ . hadronic e Y v
fast 70 — yy decay) and a hadronic component. cancade T i_ A
g e e e"‘e
3) Muons (and neutrinos) appear from the decay of
charged K and .
\ I _ AAAR
Radiation composition and energy spectra dependon ¥ u™ % % u R e re m*a we**r ¢
the energy of the primary interaction, the distance muonic component,  hadronic electromagnetic
neutrinos component component

travelled and the amount of shielding material.
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Monitoring and calculation tools

Main tools for the measurement and prediction of radiation levels at the LHC, often used in combination:

level analyses.

=400 RadMons in tunnel and
shielded areas

Each measures TID and HEH,
thermal neutron and 1MeV

neutron equivalent fluences
with COTS-based detectors.

=4000 Beam Loss Monitors (BLMs) in the tunnel.

Gas-filled ionisation chambers used for machine
protection, also providing online TID measurements
— used within the R2E team to perform radiation

%

FLUKA: Monte Carlo g

| =

code that simulates FLUKA

radiation showers and

is able to calculate R2E-relevant
quantities (TID, fluences).
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The ATLAS Insertion Region (IR1)

Highest radiation levels in the Insertion Regions hosting the interaction points. Below |
show IR1 (ATLAS) but IR5 (CMS) has a similar geometry (with few layout differences).

The ATLAS cavern, the LHC tunnel (LSS of IR1, + =250m from ATLAS) and several shielded
areas (e.g. UJ16, see next slides) are shown in the layout below:

ATLAS detector

RR13 RR17
: LHC tunnel LHC tunnel
-250m B +250m

Daniel Prelipcean | Radiation Monitoring R&D at the CERN Accelerator Complex



Radiation levels in the ATLAS detector

Cylindrical shape around the Interaction Point where Up to 10 MGy and 1016 niyev-eq/cm?
the collisions take place - highest radiation levelsin ~ for HL-LHC (4000 fb-1 in 12 years).
the inner layers (silicon detectors for particle
tracking).

B, S —_—e ATLAS Simulation Prelimipary
, : FLUKA + PYTHIA8 + A2jtune

Requires rad-hard electronics.

ITk Inclined Duals

Total ionising dose [Gy / 4000fb™]

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Solenoid magnet Transition radiation tracker

Semiconductor tracker Z [Cm]

Muon chambers
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IR1 (ATLAS) and IR5 (CMS) Long Straight Sections (LSS)

Collision products leak from the interaction region at the centre of the experiments into
the LSS (and DS). The levels vary with the distance from the IP due to the interactions with
different beamline elements.

Main message: the levels in the LSS are too high for COTS electronics.

LHC TCL456: 15s-35s-park RP: IN - TOTAL IONIZING DOSE - 1 fb1

e 40

o 0.0 —— e S G R S — R—-
T — == e v *
£ 40 , e '
® |

5 8.0

o -120 - i

>'< 90 Q0 U ) 0 4() 0 bV 0 S50 90 0 40 U b0 U 50 90 00 U U ) 40

z-coordinate [m]

1073 1072 1071 100 101 102 103 104
Total lonizing Dose [Gy/fb 1]

D. Prelipcean, Master thesis:
Comparison between measured radiation levels and FLUKA simulations at CHARM and in the LHC tunnel of P1-5 within the R2E project in Run 2
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IR1 and IR5 Dispersion Suppressor (DS): TID

Scattered protons from the IPs can reach the DS.

HL-LHC FLUKA TID below the beamline for proton
operation (4000 fb-1) and ion operation (10 nb-1):

e TID in the 10Gy - 10kGy range (peaks in cells
9-11): less than in the LSS but still significant.

e jon TID peak caused by the Bound Free Pair
Production (BFPP) process: high radiation levels
cumulated locally (cell 11) in short runs.

e Typical qualification limit for electronic racks:
200 Gy. Dedicated strategies where these levels
are exceeded.

HL-LHC dose under cryostat, right of IP5, £7% = 4000 fb~1, £/97 = 10 nb™!

107

10° 4

105 .

Dose [Gy / HL-LHC |uminosity]

101 .

109 4

1071

104 .

107 -

102 4

—e— Dose in proton runs

—e— Dose in ion runs
#* Cryo Control Rack QYCGB
* Dipole QPS DYPB
*  Quadrupole QPS DYPQ

8R5 9R5 10R5 11R5

L& S * ik * Rk * *

> 200 Gy

Vacuum Valve Control VYCTP
WorldFIP Crate QYTCF
*  Power Converter 60A RPLA
Beam Instruments BYP
—— Dipole Magnets

12R5 13R5

300 350 400

450 500 550

Distance from IP5 (m)

Courtesy of: M. Sabate-Gilarte on behalf of of HL WP 13
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Why R2E



Key point: nAnunavoidabl eo
critical accelerator systems
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The ARadiation to EIl ectr onderegpacceRratary c t

ce in the x-z plane at beam height in the LHC tunnel and in UJ16-UL16
" . T T

High-energy accelerators are g i L
subject to beam losses and e\
hence generate prompt radiation

1x10'5

1x10' Expected HL-LHC radiation
x10%  levels around the ATLAS
x102 @ interaction point (IP1), as

V
e

In their VlCinity g‘ °r o simulated in FLUKA
Part of the accelerator equipment et g =
needs to be installed near the FITTI?A
machine itself, and is therefore

1x108

subject to a complex and " wo o
challenging radiation |
environment

Such equipment is critical for the
successful operation of the
accelerator, and uses
microelectronic components
which are sensitive to radiation

Tens of thousands of electronic boards in the
LHC (and millions of individual components), all
capable of negatively affecting its operation
through radiation effects

R2E mandate: to ensure the successful
operation of CERN accelerators in view
of radiation effects on electronics
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Focusing on the LHC: a typical cycle

Beam intensity [N,]

leld

LHC fill from 2017 run

2.5 Beam 1 intensity — Beam enagy
—— Beam 2 intensity —— ATLAS luminosity =" [ 12000
20 1 2 3 4 - 10000
1 fes
@
15 ] E | 8000
2
2
-4 6000
10 -
2 4000
0.5 -2
- 2000
0.0 4 I — ll 0 0

2017-08-16 2017-08-16 2017-08-16
18:13:20 21:00-00 23-46:40
Time

2017-0%-17
02-33-%0

Luminosity [ub~1s"1]

Beam injection
at low energy
(450 GeV)

Energy ramp
from 450 GeV
to 6.5 TeV

Stable beams in
collision mode
for many hours.

Beam dump,
either scheduled

or accidental.

LHC fill: simplified sequence

Instantaneous luminosity,
proportional to the rate of
proton collisions in the IPs.

LHC cycles are designed to
deliver collisions to the
experiments for many
hours

-> goal: maximize time-

integrated luminosity.

R2E failures in critical
systems can lead to
premature beam dumps.
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Radiation Hardness
Assurance at CERN

SEE-induced dumps per fb~! from Run 1 to HL-LHC

—— 2011 (trend): ~12 dumps per fb~!
~— 2012 (trend): ~3 dumps per fb~!
2015 (data + trend): ~5.88 dumps/fb~?
2016 (data + trend): ~0.24 dumps/fb~!
2017 (data + trend): ~0.3 dumps/fb~!
2018 (data + trend): ~0.46 dumps/fb~1
- HL-LHC (target) ~0.1 dumps per fb~!

w
(=]
N

Number of R2E dumps
F<y
(=]

Radiation effects -
facilities and tests 201
—— 2017 FLUKA simulation —— 2018 FLUKA simulation 10
$ 2017 Measured data for £i=50 fb~* § 2018 Measured data for £i=65 fb~*
103 0- T T r r T r r
0 10 20 30 40 50 60 70
" 10? Cumulative integrated luminosity [fb~*]
Radiation tolerant design e "
(a.r?td p(erddUCtlond | 10‘1270 280 290 300 3]iO] 320 330 340 FOIIOW_up and mltlgatlon Of
standards, guidelines, s i ati i
uality assurance 5 B — radlatlpn effe_ctg mpac o
q y C€, 5 ARl e operation; mission-critical also
revi ews é) m—=Dipolc m=_Guacrupole for HL-LHC objectives

Radiation environment simulation and monitoring
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12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP. Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-MOPABO13

RADIATION TO ELECTRONICS IMPACT ON CERN LHC OPERATION:
RUN 2 OVERVIEW AND HL-LHC OUTLOOK

30
) ) ) ) e 2018
Y. Q. Aguiar, G. Lerner, R. Garcia Alia, D. Prelipcean, A. Apollonio, F. Cerutti, e 2022 e
P { —— y=0.40
S. Danzeca, M. Sabaté Gilarte 4 iy . .
CERN, CH-1211, Geneva 23, Switzerland 9 ™
£ 204
2 °
o
SEE-induced dumps per fb~! from Run 1 to HL-LHC & 15 - .0
(]
—— 2011 (trend): ~12 dumps per fb~? T ..
701 2012 (trend): ~3 dumps per fb~! 'g [ ]
® 2015 (data + trend): ~5.88 dumps/fb~1 oo . é 10 1 ..
, 601 o 2016 (data + trend): ~0.24 dumps/fb-1 Table 1: Number of radiation to electronics faults by system ©
g e 2017 (data + trend): ~0.3 dumps/fb~* and the annual integrated luminosity (fb~!) delivered to the . ° o °
3 501 * 2018 (data + trend): ~0.46 dumps/fb* ATLAS experiment during the LHC Run 2 (2015-2018) e o
w HL-LHC (target) ~0.1 dumps per fb~1 @@ e
o
5 ¥ Svst 2015 2016 2017 2018  Total ” e | , | | |
3 5 : ystem -l 40! 50fb-' 65f-! R2E 0 10 20 30 40 50 60 70
E Cumulative integrated luminosity [fb™!]
2| PC 5 7 10 13 35
QPS 15 0 0 13 28
101 MC 0 0 3 7 10
RF 4 0 0 0 4 H
o] = Improvement in 2022 versus 2018
0 10 20 30 40 50 60 70 Others 0 1 1 1 3
. . . . —1 H .
Cumulative integrated luminosity [fb=1] Total 9 g " 4 <0 main Iy due to .
Figure 1: Number of LHC beam dumps induced by R2E ;
failures as a function of the cumulative integrated luminosity (a) rEd uced Point1 &5 DS |eve|S
in 2011-2012 (Run 1, trend only), 2015-2018 (Run 2, data and

d trend) and HL-LHC (target). .
and trend) an (target (b) R2E power converters in RRs
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LHC approach: from mitigation to prevention

A Radiation tolerant design based on qualified COTS

A No information about

radiation levels and costs 1
sensitivity of critical
components and systems to N
radiation Total life-cycle costs
A Use of purely commercial  minimat |\ S~ Gapitalcost
modules and systems in S ‘ (design, maintenance, ...)

radiation areas, even if
radiation tested

Life-cycle operational costs

2

Availability

Optimal
Availability
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Importance of CHARM for system level testing(*)

(*) As final Radiation Hardness Assurance step, after radiation levels and tolerance requirement definition,
architecture selection (including radiation effects mitigation solutions), component selection (based mainly on
device level radiation effects testing), etc.

600 -
10"
500 -
10-IE
400
1{]"3 —
300} ?
5 5
> 200 - 101 5
=
'“:IU 10-I5
0 10-18
-100 I

-100 0 100 200 300 400 500 600 OO BOO

D. Prelipcean et al., "Benchmark Between Measured and Simulated Radiation Level Data at the Mixed-Field CHARM Facility at CERN,"
in IEEE Transactions on Nuclear Science, vol. 69, no. 7, pp. 1557-1564, July 2022, doi: 10.1109/TNS.2022.3169756.
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Mimicking the hadron accelerator environment in CHARM

0 Radiation field composition in selected locations of the LHC can be almost perfectly replicated in the
CHARM irradiation facility.
0 Slightly higher energy particles at the LHC, and none above 24 GeV (beam energy) at CHARM.

o
[
o

per unit lethargy [%]

Normalized proton fluence
o
o
N

0.00

o
o
(o3

4 LHCIR5 DS
CHARM cpOOO0O

+

)
o
o

o
o
5

104

10-3

102 10°1
Energy [GeV]

&

e

100

10!

102

o
o
s

o
o
w

Normalized Fluence
per unit lethargy [%]

.c
o
[

0.00

o
o
N

<4 LHCIR5 DS ++

+ CHARM cpOO0OO
ﬁ‘

b
¢ 48
» ¢

st | | |
10-7 10~° 103

10-11 10-° 10-1 10!
Energy [GeV]

D. Prelipcean et al., "Benchmark Between Measured and Simulated Radiation Level Data at the Mixed-Field CHARM Facility at CERN,"
in IEEE Transactions on Nuclear Science, vol. 69, no. 7, pp. 1557-1564, July 2022, doi: 10.1109/TNS.2022.3169756.

CERN ‘ @
R2E
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Radiation Monitoring R&D

In parallel to existing deployed radiation monitors, new technologies are tested to assess their suitability for R2E

Dj{ofo [ Timepix3

Material: Si Material: Si

Thi ckness (full Thi ckness (full
Exposed area: 0.5 cm? Exposed area: 2.4 cm?
Energy threshold: about 600 keV Energy threshold: about 8 keV

Timing resolution: 1 ns . Timing resolution: 1.25 ns
Single pixel H Pixel array (256 x 256),

pi xel pitec
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CHARM example

0 Mixed radiation field on a single diode.

Dose
[Gyid]
AE+B4
1E+83
1F+02

1E+81

1E+88

1E-81

1E-82

1E-83

1E-04

Second Step

First Step

5

& - bon

T 105 =P

15 toy

> 107°+ ’ booe”

o '

_rcu : + { et

E 1077 4 ﬁ* \ n

= it

5 107% 5 I ===

] ] bkt

Q i

§ 10 9- | K0
] a

g 10—10__I +

.
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Diode results - 2020

[1] Carlo Cazzaniga et al
Study of the Deposited Energy Spectra in Silicon by High-Energy Neutron and Mixed Fields (2020)
DOI: 10.1109/TNS.2019.2944657

0 Diode measurements at GO.
0 Good agreement at higher energies (>20 MeV).

107 5

102 GO position 10°q. CHARM 10" CHIPIR
— | Total 1074 " ' : —— Measurements
> 10 | L | Simulations = 100 ) - = = MCNP simulations
% 1 %. 1074 ) Measurements % N - fosemee FLUKA simulations
T 10°§ ) 20 = 107 .
= 218G > =~ 1
Q Ro o : £
2 107y z " > 102
> > 10724 2 104+
2 0o : :
2 1024 g 1077 @ 10°%
2 € £ 1074
£ 1034 = 10*4 ) =

10‘:'1 104_
10‘] 100
. 0 10 20 30 40 S50 60 70 80 90 10°® T T T T
10° - 0 20 40 60 80 100
° s Eqe, (MeV
Edep (MeV) dep( eV)
Fig. 2. Deposited energy spectra measured with a silicon detector at
Fig. 5. FLUKA simulation of the deposited energy spectrum at CHARM CHARM (top) and Chiplr (bottom). A comparison with Monte Carlo sim-

separated for the contribution of neutrons. protons. and pions. ulations of radiation transport is presented.
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AIRBUS
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NL S ThalesAlenia
Space

UNIVERSITA
DEGLI STUDI
DI PADOVA

HEARTS =1

High-Energy Accelerators for Radiation Testing and Shielding

aims at developing and establishing a European
infrastructure for research and industrial access to high-
energy heavy ion facilities for the fields of radiation
effects in electronics, shielding and radiobiology.

RN Funded by
R the European Union

The HEARTS project is funded by the European Union
under Grant Agreement No. 101082402, through the Space
Work Programme of the European Commission.
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Heavy ion activity at CERN

Ongoing challenges in CERNO6s heavy i1on activity addressed within
o Dosimetry and knowledge transfer with GSI (WP4)
o Beam line simulations of key beam properties, e.g. transmission, beam composition, beam size, detector response (WP3)

o0 Development of TO8 beam line at CERN for radiation effects testing (WP7)

Recent two-week HEARTS@CERN ion run, finished (17-Octi 1-Nov, 2023), full of beam development and exploitation activities,
including welcoming our GSI, UniOldenburg, PTW and UniWollongong partners.
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Autumn has come to its end

——an
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