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1. Introduction



High power proton accelerators

Production of intense flux of secondary particles
relevant for several domains of fundamental or applied science

Ve

.
Target Nucleus O —_ # Muons, neutrinos...
Frofos &) for Particle physics

Neutron(n)

#* Neutrons for condensed matter physics, material
physics, irradiation, transmutation of long-lived nuclear
wastes...

#* Radioactive ions... for Nuclear physics

J-L. Biarrotte, JUAS, 17 February 2016. 4



Example #1: SPIRAL-2 (GANIL)

& EURISOL

# SPIRAL-2 project @ GANIL (Caen, F)

» Physics of exotic nuclei mainly,
using the ISOL method

g}‘l-flﬂllif)‘?,-l fl'g{l(‘ —

RFQ

» Primary beams: protons, deuterons,

heavy ions, up to 200 kW CW Source A

d‘ions lourds

»Phase 1 (driver linac) under commisisoning

Low-energy beam physics experiment hall ~ fragment
experiments preparation & data-acquisition rooms separator

& astrophysics & high-energy
post accelerator experiments

(below ground) &

Source de

dectons Ensemble

cible-source

Booster —1

postacceltors #* EURISOL prOjEC’[

RF power supplies » New generation radioactive ion beam facility

" 100-kW control  physics and
. ’ injector trgtrxglgtMW targets room  administration (ISOL methOd)
building n - .
EUR SOL » Primary beams up to 5 MW

Design Study

J-L. Biarrotte, JUAS, 17 February 2016.



Example #2: SPL project (CERN)

# SPL project @ CERN

» LHC luminosity upgrade

» Neutrino physics
(m, n decay, or °He,18Ne decay)

» Compatible with EURISOL
»LINAC 4 (160 MeV) under commissioning

CMS

LINAC 4

Present Future

{}G

Proton flux /Beam power

S50 MeV

Output energy

EHCE
7 TeV sLHC

LP-SPL:
Low Power-Superconducting
Proton Linac (4 GeV)

PS2:
High Energy PS (~ 5 to 50 GeV
-03 Hz)

sLHC:
“Super-luminosity” LHC (up to
10% cm-2s1)

Table 2: Low Power and High Power SPL beam characteristics

LP-SPL  HP-SPL Option1  HP-SPL Option 2
Maximum kinetic energy [GeV] 4 4or5° 4or5*°
Average beam current during pulse [mA] 20 20 40°
Pulsing rate [Hz] 2 50 50
Pulse duration [ms] 0.9 0.9 12°
Beam power [MW] 0.14 225 @ 2.5 GeV 5@ 2.5 GeV
or and

45MWat5GeV 4 MW at 5 GeV

* Required for a neutrino factory.

® Required for 2 simultaneous users of high beam power or for 5 MW at 2.5 GeV

J-L. Biarrotte, JUAS, 17 February 2016.



Example #3: SNS (Oak Ridge,

History of Beam Power on Target

Power on Target

7000 1 MW beam power on target
achieved in routine operation

Stripper
foil

5000

4000

Target

lon  CMS leak ¢
ource,

LEBT .
m Fo

0

Oct/31 J Feb/28  Jun/30 Oct’31  Feb/28  Jun/30 Feb/28
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Power (kW)

Front-End:

Produce a 1-msec
long, chopped,
H- beam

2.5 MeV

Front-End

USA)

1 GeV
LINAC

/Fronl -End I!u"dlnq - -
(cm,_ﬂla.um \«,( Klystron Bulld(ng .

Liquefaction Linac Tunnel
Bailding "' Rlng \

\ T — / - >
Rudlwrre;]ut;ll'licy ’—% * Target: ™

L1
. > . / / g9 Future Target

Building

e

Support |

(vnird Laboratory
and Office Complex

Joint Institute for S - ¥
Neutron Sciences = \ _

Photo courtesy of Oak Ridge National Laboratory ’«

Accumulator Ring:
Compress 1 msec
long pulse to 700
nsec < = <1 usec

1000 MeV
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A few other machines & projects

#* J-PARC facility (J_apon)

Materials and Life Science
Experimental Facility

Nuclear )
Transmutation

x on LI RFQ MEBT
IFMIF: 2 ACCELERATORS, EACH ACCELERATING 125 mA (
0 10 20

ENGINEERING VALIDATION ENGINEERIN!
= ToRwW 06 W, TIPW

HEBT

#* IFMIF project

J-L. Biarrotte, JUAS, 17 February 2016.

Hadron Beam Faclllty ;PSI (SW|tZ )

p=0.08!

Target Beam Delivery

))/ Z

Atomphysk

#F-RIB (US)
FRIB (gl i

#* ESS project
_(Sweden)

seltener Isotope

A

Super-FRS

Produktion
von Antiprotonen

@ eustierende Anlage
. neue Anlage
@ Expermente
Challenges and Progress, HIAT 2012, Chicago
M. Leitner, SRF 2013,§Iide 8



http://ess-scandinavia.eu/index.php
http://ess-scandinavia.eu/index.php

Main associated challenges

These high power machines require an excellent beam transmission to be allowed
to operate: beam loss level must be < 10-° per meter typically

# Physics of intense hadron beams
» Management of space charge effects

» Understanding of beam halo generation during transport

# R&D on new technologies
»  Accelerating cavities (RFQ, superconducting cavities)
»  Diagnostics for intense hadron beams, Machine Protection System
» New generation targets (MegaWatt)

»  High power Radio-Frequency elements

# Increased demand for flexibility and reliability
» Higher & higher beam availability is required

»  High diversity of primary beam in a single machine (nuclear physics application)

» Beam interruptions forbidden (ADS application)

J-L. Biarrotte, JUAS, 17 February 2016. 9
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2. The P&T strategy
(Partitionning & Transmutation)



Formation of nuclear wastes

ENERGY & neutron
fission

product
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Nuclear wastes: present situation

» About 2500 tons of Spent Nuclear Fuel are produced every year by the
145 reactors of EU

Q, MBq | T 1 1 I

> High Level Wastes represent 0.2% in ~ '°°
volume & 95% in radiotoxicity and are
long-term dominated by Minor Actinides
(MA, especially 2*1Am) 10°

HLW from 1 t of SNF

» Reference solution for HLW management
= long-term geological disposals 108 E28Amy oo\ oo\ oo it Uranium or i

104

226Ha
10% | ;

| | |

10 102 10° 10* 108 108 Years o7

The Yucca Mountain Nuclear Waste Repository (USA) Activity of High Level Waste remaining after processing
project de-funded in 2011 of 1 ton of Spent Nuclear Fuel in dependence of time

J-L. Biarrotte, JUAS, 17 February 2016. 12




Spent fuel reprocessing

» In France (La Hague), spent fuel is reprocessed

Am Cm

» U and Pu are extracted (partitionning) 1 1 | | Rfmm,wi,

Combustible
Am+Cm
Haute
activité
DIAMEX - SANEX

to be reused as fuel: MOX, future ey,
Gen.lV reactors...

_ o - PF.
» High-level wastes are conditionned : l
(vitrification) & stored... cancmers |
PF. J
=i \ans ---------- 35 N 55 ang-=-=m=wees 100 ans --------: 300 ans ---¥
I = Sr
5 75% onz & 25%@ = Cs
| %, W= Cm
; ‘ Schéma S autres
<:’unl ;?Iis'(:a(r:ilnaire i l
Yy vitrifiés R7T7.
-1—.| 3080 W 1000 W 650 W 310 W 120 W

043 m

J-L. Biarrotte, JUAS, 17 February 2016. 13



Motivation for Partitioning & Transmutation

» Partitioning & Transmutation (P&T) strategy: reduce radiotoxicity, volume and
heat loads of long-lived nuclear wastes (especially MA) before geological storage

i L

transmutation spent fuel no
of spent fuel reprocessing reprocessing

10000

-
o
=

\\

100 + \
| Uranium

I naturel

Relative radiotoxicity

0,1 T T
1000000

10 100 100000

Time (years)

Volume Reduction
100x

Duration Reduction
1.000x

H. Ait Abderrahim (SCKeCEN)
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Present options for transmutation of Minor Actinides

Am241 from JEFF 3.1.2 library

—— radiative capture
Ltotabfission:::jg

Transmutation of MA into fission products is efficient only if: *

104 B

» Fission to capture cross section ratio is high enough

=1

101 -

» Enough neutrons are available to feed the |
transmutation process

=> Need for a fast neutron spectrum

E (eV)

In which type of fast reactor could we transmute ?
» In the next generation GEN-IV nuclear power plants (critical Fast Reactors)

v homogeneous mode with low AM content in fuel (< 3%) for safety reasons

v heterogeneous mode (MA blankets)

» In afew dedicated MA burners (subcritical Accelerator Driven Systems),
highly loaded with MA

=> sensitive compromise btwn safety / economics / proliferation / politics...

J-L. Biarrotte, JUAS, 17 February 2016. 15



ADS (Accelerator Driven System)

ADS sub-critical systems = present reference == OPUN | M—
solution for dedicated “transmuter” facilities “TT' ==
» Suited for various strategies on nuclear energy e e

» One “small” 400 MWtn industrial ADS could burn | =) ; —
about 100kg of MA / year (— 10 to 20 units for EU) /=7 { = | il SR

o)

» Not competitive for electricity production | = . Group A BE, CZ' DE, ES, SE", CH
rind =  Group B: FR
ificiti : E KeCEN
ADS reactor specificities G. Van den Eynde (SCKsCEN)

» Neutron multiplication factor keit<1 (typically between 0.93 & 0.97)

» Minimal probability of runaway reaction: no control rods, no safety rods required

> DI‘IVGI’] by eXteI‘na| neutrOn source . !? 90* : k i E 11;» = spallation neutron yield (= 30 for Pb target)
. o c - i where. &= neutron multiplication factor
(proton beam + spallation target) A7UR y-k) ¢ T e

v=neutrons emitted per fission (= 2.5)
E;= energy generated per fission (= 3./x] o' w)

» Some very fast neutrons (> 20 MeV) in the core i = accelerator current

C = charge of a proton (= 1.6x10%° C)

» The beam tube may break containment barriers

J-L. Biarrotte, JUAS, 17 February 2016. 16



On the path of ADS demonstration

Design & low-power experiments

» Several ADS design activities since the 90’s
(US, Europe, Japan, China, India...)

» Several low-power coupling experiments:
O FEAT, MUSE, GUINEVERE in Europe
O KART in Japan, etc.

The Gumevere expenment in SCK*CEN (Belglum),

High-power ADS demonstration is on-going... operated since 2011
» C-ADS project in China » MYRRHA project in EU/Belgium
O 10 MW, ADS by 2022 (stage 1) Q 100 MW, ADS by 2025

d 500 MW,, ADS by 2030 (stage 2)

J-L. Biarrotte, JUAS, 17 February 2016. 17



Background in France & Europe since 1990

» (FR) Law « Bataille » n° 91-1381, 30 december 1991
=> French roadmap for research on radioactive waste management

» (EU) ETWG report on ADS, 2001 ok UROTRANS

» (EU-FP5) PDS-XADS project (2001-2004) F B = oy & &
reatdotners C T == e

> (EU-FP6) EUROTRANS programme (2005-2010) ; w2 gz .o

» (EU-FP7 + H2020) On-going programmes (2011-2019) .. °

» (FR) Law n°2006-739, 28 june 2006
=> Following-up the law « Bataille », with focus on sustalnablllty

Article 3 (...) 1. La séparation et la transmutation des éléments radioactifs a vie longue. Les etudes et
recherches correspondantes sont conduites en relation avec celles menées sur les nouvelles
generations de reacteurs nucléeaires mentionnés a l'article 5 de la loi n° 2005-781 du 13 juillet 2005 de
programme fixant les orientations de la politique énergétique ainsi que sur les réacteurs pilotés par
accélérateur dédiés a la transmutation des déchets, afin de disposer, en 2012, d'une évaluation des
perspectives industrielles de ces filieres et de mettre en exploitation un prototype d'installation avant le

31 décembre 2020 ; (...)

J-L. Biarrotte, JUAS, 17 February 2016. 18



P&T = small part of a complex equation...
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3. The MYRRHA project



MYRRHA as an ADS demonstrator

Demonstrate the physics and technology of an Accelerator Driven System (ADS)
for transmuting long-lived radioactive waste

» Demonstrate the ADS concept
(coupling accelerator + spallation source + power reactor)

> Demonstrate the transmutation Reactor
. . Accelerator « subcritical mode (50-100 MWith)
(experimental assemblies) (S0 Ne e S I PIOn) « critical mode (~100 MWith)

Main features of the ADS demo
50-100 MWth power
Highly-enriched MOX fuel

'l
b

Spallation source

¥

Pb-Bi Eutectic coolant & target

K. around 0.95 in subcritical mode VMultipurpose
600 MeV, 2.5 - 4 mA proton beam Vexice g= s
T P irradiation ik
5 source
facility Lead-Bismuth

coolant
‘\___-/(

J-L. Biarrotte, JUAS, 17 February 2016. 21


Myrrha_MYRRHA_DV-4.avi
Myrrha_MYRRHA_DV-4.avi

The MYRRHA project

Fuel research

®=1t05.10"n/cm?.s
(ppm He/dpa ~ 10)
In medium-large volumes

= 15 .
Material research Do 0'5 to 110" nfem®.s

@p,st =110 5.10" n/cm?.s

En>1 MeV) in large volumes e

Fission GEN IV

Multipurpose | FANRE RS
3 - | hYbrId - ‘ Long irradiation time
50 to 100 MWth | e Research -
Doy = ~10" /M8 fo — Reactor for AV N
(En>0.75 MeV) - == H igh-tech Fundaméhia
Applications research

@y, = 0.1t0 1.10"* n/cm?2.s
(En<0.4 eV)

dy, =0.5t0 2.10" n/cm?2.s
(En<0.4 eV)

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

J-L. Biarrotte, JUAS, 17 February 2016. 22



MYRRHA as a flexible irradiation facility

Serve as:

» A supporting infrastructure for Gen. IV liquid-metal based reactor concepts

» A European fast spectrum irradiation facility

2025

s

ASTRID

MYRRHA
Flexible
Irradiation
Facility

ALFRED
LFR
" Demonstrator

7
ALLEGRO

GFR

k- Demonstrator

J-L. Biarrotte, JUAS, 17 February 2016. 23



MYRRHA as a replacement for BR2

d

MYRRHA: a multipurpose irradiation facility at SCK:

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIR

) _ Irradiation
Material Fuel testing Services:

Testing Reactor for LWR & - Medical Rl

(fission) GEN IlI/GEN 1l - Silicium Doping
- Others

Fast Neutron ADS-Demo Irradiation
2024 Material + Services:
- Medical RI

MYRRHA Testing Reactor P&T Testing
(fission £ fusion) (Partitioning & Transmutation) _ Others

- Silicium Doping

Fuel testing for
GEN IV

LFR European Technology Pilot Plant (ETPP)

J-L. Biarrotte, JUAS, 17 February 2016. 24



MYRRHA reactor layout (V1.6)

Beam tube | T e Heat exchangers (x4)

Reactor cover

Fuel manipulators (x2)

Diaphragm

Main vessel

CENTRE D’ETUDE DE L'ENERGIE NUCLEAIRE

J-L. Biarrotte, JUAS, 17 February 2016.






MYRRHA key dates

>
»
»

1998: first studies
2002: pre-design “Myrrha Draft 1”7 (cyclotron 350 MeV)

2002-2004: studied as one of the 3 reactor designs within the PDS-XADS FP5
nroject (cyclotron turns into linac, fault-tolerance concept is introduced)

2005: updated design “Myrrha Draft 2” (350 MeV linac)

2005-2010: studied as the XT-ADS demo within the IP-EUROTRANS FP6 project
(600 MeV linac conceptual design, R&D activities w/ focus on reliability)

2010: MYRRHA s on the ESFRI list, and is officially supported by the Belgium
government at a 40% level

2010-2015: engineering design, licensing process, assessments on a possible
international consortium, w/ support from the CDT, FREYA & MAX FP7 projects

Present situation:
» Engineering design is going on, w/ support from the MYRTE H2020 project

» Phased approach strategy is considered (w/ 100 MeV linac as a 15t step!)

J-L. Biarrotte, JUAS, 17 February 2016. 27



De regering zal het behoud van excellentie in het
onderzoek naar de nucleaire veiligheid en
informatie voor de burger, de omgeving en
nucleaire infrastructuren op Belgisch
grondgebied nastreven.

Ze zal het MYRRHA-project of evenwaardige
projecten van het SCK progressief ondersteunen
om het noodzakelijke onderzoek naar
innovatieve oplossingen voor hoogradioactief
afval, naar de kwalificatie van
fusiereactormaterialen, naar het behoud van de
medische radio-isotopenproductie in ons land en
naar fundamenteel kernfysisch onderzoek
optimaal verder te zetten in een internationale
context, in samenwerking met universiteiten,
onderzoekscentra en zusterorganisaties van het
SCK.

Ma ramar lmem wal Anlh dAa aAveallaatina in e

MYRRHA in the 2014 BE Government Declaration

Le gouvernement visera le maintien de
I'excellence dans la recherche dans les domaines
de la sdreté nucléaire et de l'information du
citoyen, de I'environnement et des
infrastructures nucléaires sur le territoire belge.

Il soutiendra progressivement le projet MYRRHA
ou des projets équivalents du CEN en vue de
poursuivre de maniére optimale, dans un
contexte international, les recherches
nécessaires concernant des solutions innovantes
pour les déchets hautement radioactifs, la
qualification des matériaux des réacteurs a
fusion, le maintien de la production de radio-
isotopes meédicaux dans notre pays et de
recherche nucléaire fondamentale, en
collaboration avec les universités, les centres de
recherche et les organisations sceurs du CEN.

Analamanns

I~ ML L e s rmstinmden

The Belgian Government will support in a progressive way the MYRRHA project
or any equivalent project at SCK*CEN aiming to continue the needed research
for innovative solutions for High level waste, qualification of materials for
fusion, the production of radioisotopes for medical applications in our country
and fundamental nuclear research in collaboration with the universities and
sister organisation of SCK<CEN

[

J-L. Biarrotte, JUAS, 17 February 2016. 28



Very indicative roadmap

MYRRHA PLANNING SCENARIO 1 (excl. ADONIS)

Pre-Licensing Phase

Front-end Engineering Design (Accelerator and reactor)
(incl RED Support Programme in allignment with option priorities)

100 MeV Accelerator
Prototyping & Construction

100 MeV Accelerator Building 100 MeV Accelerator
Start construction reliability tests

600MeVAccelerator Prototyping & Constructing

600 MeV Accelerator
Start construction

Comm. Reactor

Construction Reactor Building

FEED & Licensing .

Start construction
Reactor Start
Operation

Lots definition, tendering and
construction Auxilliary Buildings

K-

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

J-L. Biarrotte, JUAS, 17 February 2016. 29
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ADS proton beam requirements

Neutron yield by proton spallation in LBE
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MYRRHA proton beam requirements

—p High power proton beam (up to 2.4 MW)

Proton energy 600 MeV
Peak beam current 0.1to4.0 mA
Repetition rate 1 to 250 Hz

Beam duty cycle 10“%to 1

Beam power stability

<+ 2% on a time scale of 100ms

Beam footprint on reactor window

Circular 85mm

Beam footprint stability

<+ 10% on a time scale of 1s

# of allowed beam trips on reactor longer than 3 sec

10 maximum per 3-month operation period

# of allowed beam trips on reactor longer than 0.1 sec

100 maximum per day

# of allowed beam trips on reactor shorter than 0.1 sec

unlimited

J-L. Biarrotte, JUAS, 17 February 2016.

32




Panorama of high-power hadron accelerators

1.E403 -
~d 1, .o I Existing NC machines
s “‘p h“@w
Pl ""s. A Under construction NC machines
s fLPAC ot u
IPHI . el Existing SC machines
LEHO2 ok OO :
‘?‘?o““u LEDA ‘-..\“ ‘*‘.‘H 4 Under construction SC machines
'&'&"‘ 4. “"-.R "‘\..,‘ @ Planned'SC machines
_ \"-.“ “"N "l | c-ADs
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S 1.E+00 3= e
£ "‘ N ct%as#t 3y
Q = M‘k
- MRARC s
c ul .
o RCS T>a, "M
S 1.E01 . e
1.6-02 +— - it
Only 2 accelerators are presently
above the MW level: PSI & SNS FNAL |~
| | | MI-60 "-..t_‘
1.E-03 | | | 8
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Beam energy (MeV) J-L. Biarrotte, Proc. SRF 2013

J-L. Biarrotte, JUAS, 17 February 2016. 33



MYRRHA proton beam requirements

—» High power proton beam (up to 2.4 MW)

Proton energy 600 MeV
Peak beam current 0.1to 4.0 mA
Repetition rate 1 to 250 Hz
Beam duty cycle 10“%to 1
Beam power stability <+ 2% on a time scale of 100ms
Beam footprint on reactor window Circular ©85mm
Beam footprint stability <+ 10% on a time scale of 1s
# of allowed beam trips on reactor longer than 3 sec 10 maximum per 3-month operation period
# of allowed beam trips on reactor longer than 0.1 sec 100 maximum per day
# of allowed beam trips on reactor shorter than 0.1 sec unlimited

—p Extreme reliability level

J-L. Biarrotte, JUAS, 17 February 2016. 34




The ADS reliability requirement
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The ADS reliability requirement

vV VYV

A2 AN

A\

Beam trips longer than 3 sec must be very rare:

To limit thermal stress & fatigue on the target window, reactor structures & fuel
assemblies

To ensure a 80% availability — given the foreseen reactor start-up procedures

Present MYRRHA speécifications: <10 beam trips per 3-month operation period
(i.,e. MTBF > 250h) - derived from the PHENIX reactor operation analysis

Far above present HPPA accelerator performance — MTBF is a few hours at PSI or SNS

Far above present ADS specifications in US or Japan — based on simulations

In any case, reliability guidelines are needed for the ADS accelerator design:
Strong design i.e. robust optics, simplicity, low thermal stress, operation margins...
Redundancy (serial where possible, or parallel) to be able to tolerate failures

Repairability (on-line where possible) and efficient maintenance schemes

J-L. Biarrotte, JUAS, 17 February 2016. 36



Strategy for a fault in the injector = parallel redundancy

O Initial configuration

© The failure is localized in injector

Operational injector 1: RF + PS + beam ON

ecnfemr] s II ki ,w|l><:::»:<a;::>:< ER N
L= N

quadrupoles

Warm stand-by injector 2: RF+ PS ON, beana'lm(e)FF (on FC)

Re-buncher-1 Re-buncher-2

The switching magnet
polarity is changed

s¢ solenpids - (~ls)

ues 1] 4-Rod-RFa | |

I

*”"I

I MM

quadrupoles

W e B s
| N

Re-buncher-1 Re-buncher-2

Jif

ECR [weeT| 4-Rod-RFQ | |

i

quadrupoles

 solenoids

Need for an efficient fault diagnostic system !

® A failure is detected anywhere

O Beam is resumed

Beam is stopped in injector 1 by the Machine Protection System @t,

Re-buncher-1 Re-buncher-2

e

quadrupoles

cryo-module 17 MoV

jume | 4-Ros-rFa | |

|

f
il

MBI oo B v B
N

o -

Re-buncher-1 Re-buncher-2
cryo-module: 17 MeV

1.5 eV 35 MeV

| B

quadrupoles.

DG o [ s B i

sc solenoids

Failed injector 1, to be repaired on- Ilne if possible

Re-buncher-1
eryo-module 17 MV

1.5 MeV'

B B oz B s

ca M

Injector 2 operatlonal (@tl <t +3sec)
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Strategy for a fault in the main linac = serial redundancy

Ele: 779(260.481m]  NGOOD : €653 /10000  Plotwin - CEA/DSM/DAPNIA/SACM

O Afailure is detected anywhere

Failed cavity
positionl

— Beam is stopped by the MPS in injector at t,

® The fault is localized in a SC cavity RF loop

* — Need for an efficient fault diagnostic system

Cavity #n is faulty

© New V/@ set-points are updated in

cavities adjacent to the failed one ﬂ_l_l_l_l_l I—I w U}

— Set-points determined via virtual accelerator
application and/or at the Commissioning phase Cavities #n-2, #n-1, #n+1, #n+2 are retuned to recover the nominal beam energy & phase at point M

O The failed cavity is detuned (to avoid the beam loading effect)
— Using the Cold Tuning System

© Once steady state is reached,
beam is resumed at t; <t, + 3sec

. : . — Failed RF cavity system to be repaired on-line if possible

J-L. Biarrotte, JUAS, 17 February 2016. 38



Layout of the MYRRHA linac

INJECTOR BUILDING

[
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Section #1(Spoke fi~0.35 @352MHz)




Layout of the MYRRHA linac

INJECTOR BUILDING

SUPERCONDUCTING LINAC TUNNEL
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Section #1 (Spoke f~0.35 @352Mtiz) Sectlon #2 (Elljptical f~0.5 @704MHz) Section #3 (Elliptical f~0.65 @704MHz) Beal matching section
A (inclucling deviation to the»
ISOL@MYRRHA facility)

Biarrotte, 17 February




Injector beam reconfiguration (1/4)

» Injector 1 in nominal operation mode : beam sent to main linac

v" All elements operating (source, RF, power supplies...) at nominal parameters
v’ Chopper: nominal mode (i.e. pseudo CW with short holes)
v’ Switching magnet: power supply polarized PLUS
S H I T S B
| -y .__.1-
4 L « ' . B | . I'_I- [ _
£ ol 1530001 { -
| — W{ECPR'L; | ™ 3500 | MAIN LINAC
) INJECTOR-2 |
H l |
»Injector 2 in stand-by mode: beam sent to dump #2 —E
v All elements operating at nominal parameters except dipole magnet ‘ |

v'Chopper: tuning mode (i.e. low duty cycle tbd)

v'Survey of output beam properties (TOF energy, current monitor)

J-L. Biarrotte, JUAS, 17 February 2016.
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Injector beam reconfiguration (2/4)

» A failure is detected in Injector #1

v E.g. anormal beam losses in MEBT (or source voltage breakdown, PS failure, cavity quench...)
v’ Fault information is sent to Machine Protection System (MPS) / Control System
v  If failure is serious (i.e. reproducible after 1 or 2 tries), MPS stops the beams
£ | [ - I -
ToHE | | D ON .. Anormal ... > | —
R — beam losses -I i‘
< | I ) L | —
7500 — 2" INJECTOR-1— | -
| L, - e T f‘\,{ . w B i S S S
» MPS stops the beam in both injectors asap (typically less than 0.1ms) —E
v'Using the LEBT chopper only in Injector #2 ‘ |

v'Definitively in injector #1 using (TBD) the LEBT chopper as a fast mean and then
the LEBT Faraday cup for example as a slow & permanent mean

J-L. Biarrotte, JUAS, 17 February 2016. 42



Injector beam reconfiguration (3/4)

» The polarity of dipole magnets is changed (time budget = less than 1sec thc)
v Dipole of injector #1 is switched OFF
v’ Dipole of injector #2 is switched ON
v' Common dipole polarity is changed to MINUS

a0 ' o 1 6500
T HT | | T J— e A ‘ --------- , |
O - EETEE T R R R e -;-__-;1 lL
P _ < I . -1 | -
7500 U INJECTOR-1— >
T = - i . * : ¥ ;_-': 1 . EI 7m * Z — R o
| [ — a — .. ;J{ N _ —— .
INJECTOR-2 ' ‘ _
Lo | ON } 7 &
'.F::II' \l - L -
| |. A . a | " M a4 |1_c . i . b N .| - 1—F T

» Once steady-state is reached in the PS, beam is resumed in Injector #2

v'First, a few very short pulses are sent to check everything is ok (« fast commisionning mode »)

vIf all is ok, then duty cycle is ramped quickly (within 1 or 2 sec) to recover nominal operation

J-L. Biarrotte, JUAS, 17 February 2016. 43



Injector beam reconfiguration (4/4)

» Maintenance is started on Injector #1

v’ Injector #1 casemate needs to be accessible during Injector #2 operation

v' Beam might probably need to be completely stopped on Injector #1

1 . '
I e — * L ks & -
* + 4 - |

b : — @ : . - ' P,
ke $ 20000 r 4130' ) ) LI ’ o
;""'__|':‘|.__ ; u — - : ___‘__‘ ----- ‘- ________________ § | oo
a N . ':_-_:_l . L) ‘. )
mﬂm——ﬂ# : LT JPRNP R L
< - i = - | _
7900 S INJECTOR-L N
| : 3500 MAIN LINAC

- 'T\ ON } Fa L:
- 1 '1-

£
| . - S HEEEE P - - — 1~
» Once failed component is fixed, Injector #1 is put back to operation

v’ Injector #1 is re-tuned & commissionned localy

v'Once ok, injector #1 stays in « stand-by mode », low dc beam sent to beam dump #1

J-L. Biarrotte, JUAS, 17 February 2016. A4



Main linac beam reconfiguration (1/6)

INJECTOR BUILDING
= — i SUPERCONDUCTING LINAC TUNNEL

Section #1 (Spoke i~0.35 @352MHz) Section #2 (Elljptical f~0.5 @704MHz) Saction #3 (Elliptical f~0.65 @704MHz)

» Nominal main linac operation
v All elements (cavities, RF amps, power supplies...) operating at nominal (derated) parameters

v' Reference scheme: local compensation scheme for RF & magnets faults
about 30% margins available on all cavities, 40% on amplifiers & 10% on magnets PS

v’ Alternative scheme for RF faults (under evaluation): global compensation scheme
no margin on cavities & amp but a few hot spare cryomodules at the linac end at full voltage
but with bunching/debunching synchronous phase

J-L. Biarrotte, JUAS, 17 February 2016. 45



Main linac beam reconfiguration (2/6)

INJECTOR BUILDING
— —— Anormal

SUPERC( beam losses AC TUNNEL

Section #1 (Spoke i~0.35 @352MHz) Section #2 (Elljptical f~0.5 @704MHz) Saction #3 (Elliptical f~0.65 @704MHz)

» A fault is detected in the main linac
v E.g. anormal beam losses at high energy (or RF failure, PS failure...)
v’ Fault information is sent to Machine Protection System (MPS) / Control System
v  If failure is serious (i.e. reproducible after 1 or 2 tries), MPS stops the beams

» MPS stops the beam in the operating injector asap

v'Using the LEBT chopper + possibly an additional redundant mean (tbd)

J-L. Biarrotte, JUAS, 17 February 2016. 46



Main linac beam reconfiguration (3/6)

INJECTOR BUILDING
= — i SUPERCONDUCTING LINAC TUNNEL
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1 Section #1 (Spoke [1~0.35 @352MHz) Section #2 (Elljptical fi~0.5 @704MHz) Section #3 (Elljptical f~0.65 @704MHz)
- 42 o - " s g 5 ", - — ",
Compensation forbidden

» The origin of the fault is analysed & fault recovery procedure is launched if possible
v If the origin of the fault is not diagnosed, the beam needs to be stopped permanently
v If it is diagnosed AND can be compensated, fault recovery procedure can be started

v'Conditions to fullfil to make compensation possible (proposed basic preliminary rules):

o fault implying a cavity: the 4 nearest neighbouring cavities operating derated (i.e. not already used for
compensation) are used; max allowed # of consecutive failed cavities = 2 (sections #1&2) or 4 (section #3)

o fault implying a Qpole: the whole doublet is switched off & the 4 neighbouring doublets are used;
max allowed # of consecutive failed doublets = 1




Main linac beam reconfiguration (4/6)

INJECTOR BUILDING
= = SUPERCONDUCTING LINAC TUNNEL
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Section #1 (Spoke i~0.35 @352MHz) Section #2 (Elljptical f~0.5 @704MHz) Saction #3 (Elliptical f~0.65 @704MHz)
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» Fast retuning procedure (e.g. case of a RF cavity failure)

v'The failed cavity RF loop is disabled
v’ The failed cavity is detuned of more than 100 bandwidth (time budget = less than 2 seconds)

v'New (Voltage / Phase) setpoint values for compensating cavities are picked in the Control System
database (from past beam experience or from a predictive calculation )

v New setpoints are applied in the corresponding LLRF (w/ typically a ramp of about 150ms)

o The capability of SC cavities to raise reliabily its operating voltage has to be checked at each maintenance period !

J-L. Biarrotte, JUAS, 17 February 2016. 48



Main linac beam reconfiguration (5/6)

—

INJECTOR BUILDING ﬁ :
| = ’“'L'"I SUPERCONDUCTING LINAC TUNNEL
Y Y
I Section #1 (Spoki,ffmo‘..iﬁ @352MHz) Section #2 (Elljptical f~0.5 @704MHz) Section #3 (Elljptical f~0.65 @704MHz)
Z

» Once steady-state is reached on the retuned elements, back to beam operation
v'First, a few very short pulses are sent to check everything is ok (« fast commisionning mode »)

vIf all is ok, then duty cycle is ramped quickly (within 1 or 2 sec) to recover nominal operation

» Maintenance is done if possible
vIf the needed maintenance is inside the tunnel -> wait for next shut-down period

vIf the needed maintenance is outside the tunnel -> repair during beam operation

J-L. Biarrotte, JUAS, 17 February 2016. 49



Main linac beam reconfiguration (6/6)

INJECTOIS BUILDING
| ,_ SUPERCONDUCTING LINAC TUNNEL
I Sectlon #1 (Spok?_’qﬂ'ajﬁ @352MHz) Section #2 (E.ff.;arfcafﬁ~0.5ﬂ704th) Section #3 (Elljptical f~0.65 @704MHz)
SZ

» If maintenance is successful, back to nominal operation using opposite procedure (? TBC)
v'Beam is stopped
v’ The repaired cavity is retuned (time budget = less than 2 seconds)
v'Initial (Voltage / Phase) setpoint values for repaired & compensating cavities are set back

v/ Beam is resumed (short pulse) and duty cycle is ramped up to nominal operation

J-L. Biarrotte, JUAS, 17 February 2016. 50
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The MAX project (2011-2014)

Goal: deliver a consolidated reference layout of the MYRRHA linac
with sufficient detail and adequate level of confidence in order to initiate

in 2015 its engineering design and subsequent construction phase

» WP1: Global accelerator design

» WP2: Injector developments 11 partners
Governing Council (GC
» WP3: Main linac developments 5 M€ total cost el ciasic nombuted b the o
—_ 10 people FTE Members: one per partner

» WP4: System optimisation

Project Coordinator
w/support of WP 5

EC Project l
(CNRS)

Officer

EEEEEEEEEEEEEEEEEEEEEEEE

Nma /‘) Project Coordination Committee (PCC)
_.rb G{)ETIIE ' N FN @ ACCELERATORS amo Members: one per WP leader
UNIVERSTTAT (-/ e Hastonale

Y CRYDGENIC SYSTEMS
FRANKFURT AM MAIN

— L |
S — (A1 D Il X
EMPRESARIS AGRUPAIDMS

I

KATHOLIEKE LUNNERSITEIT
WAN/3] THALES W
ELECTRON DEVICES

]

!
WP 3
(INEN)
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MYRRHA Accelerator eXperiment_MAX.htm

WP1 - Global accelerator design

» Production of a reference design for the whole MYRRHA accelerator

o LEBT, together w/ MARISA R II—————.

(presently under construction by SCK+LPSC)

o RFQ + CH booster iy |

(incl. several improved versions) ,

4ms 190 us 5ps

- <—7 g
> | \‘\ \\ {,’J

/ 3\

N AN

3.8ms

O MEBT 4 mA

(conceptual design)

o Main SRF linac

(incI . fault-tolerance ca pa bil ities) Figure 4: Proposed MYRRHA beam time structure for full power (~2.4 MW) nominal operation:
long 4 mA blue pulses are sent to the reactor (2.28 MW mean power)
while short red ones are sent to the ISOL facility (114 kW mean power).

o HEBT, from CDT inputs
(ISOL deviation + reactor interface) &rv e l

o Definition of beam time structure & power control strategy

J
MPN o8 SCK- CEN
I o PH'IIS"]UE "I—I[I-EME[ U N I V E R S I T A T G ren b L € STUDIECENTRUM VOOR KERNENERGIE

ORSAY FRANKFURT AM MAIN
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WP1 - Global accelerator design

» MYRRHA linac international design review (Brussels, Nov. 2012)

o Very encouraging feedback, list of very valuable recommendations

» Consolidation of the reference design R | e — k- -
o o s ags = ] | ”‘”' M}WN 1%
o Beam dynamics benchmarking activities £ . E
t "‘NﬂfW\W\W AMAMAAML .. 5
o Beam simulations from source to target RRARAL L [ .
. . -40 i | Iy mﬂvhwmﬂlmmv 7
o Monte Carlo error studies (incl. fault B e e me e [
compensation cases) |
v’ Longitudinal acceptance is the key point for ?
beam loss control :
v' Compensation schemes should be slightly less ,
aggressive (i.e. involving more cavities) oL a — il
» Assessments of the MYRRHA buildings layout e s o et

(Left) Superposition of all beam horizontal transverse densities.
(Right) Average beam losses in the superconducting part of the linac.

MdPN o8 =y P @@
IMSIIILITI}EPH'I'SIIILIENLI[LEMR[ UNIVERSITAT > b

FRANKFURT AM MAIN
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WP2 - Injector developments

» R&D on the MYRRHA 176 MHz RFQ

o 4-rod w/ technology choices optimized for reliable CW operation

o Fabrication and successful high-power RF test of a short

prototype = 116 kW/m
o Design of the 4m-long MYRRHA RFQ_

» R&D on the MYRRHA CH cavities
o NC and SC CH cavity design incl. ancillaries
o Fabrication of a NC 5-gap CH-prototype.

o Fabrication and successful tests of a SC
CH-prototype = 14 MV/m

GOETHE E CK.

U N IV E R S I TAT STUDIECENTRUM YOOR KERNENERGIE

FRANKFURT aM MAIN CENTRE DETUDE DE LENERGE NUCLEARE

KATHOLIEKE UNIVERSITEIT

LEUVEN

Ll
C E - & 3 M2 ST ) + o
E : B, 1
[ T + 4
i E No BCP, No HPR
] EE Slow cool down
Ee 4 [T Fast cool down E
C 'y Phieee
i > 120 C baking, 72 h | ]
T=35K
T=2K
1 [ ] [ 1 \
0 2 4 6 8 10 12 14
E, (MV/m)

16
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WP3 - Main linac developments

» R&D on the MYRRHA 352 MHz Spoke cryomodule

o Design of the MYRRHA spoke 2-gap cavity

incl. call for tender for 2 prototypes (presently in fabrication)

o Detailed design of the MYRRHA spoke cryomodule

incl. engineering drawings

» R&D on 704 MHz elliptical cavities

o High-power commissioning of the test cryomodulé
w/ B=0.5 5-cell cavity, 80kW IOT, @2K i

o Development and test of an innovative control

/

v'Main sequences of the fault recovery scenario tested, incl. E&,w D- ased CTS + Al Ok X /rn art ror{rof
,‘A,‘A & Ll‘ \ q
v'Low-beta elliptical cavities are too soft mechanically -> mig ‘iw e ol ! d b ESS t/ 2 500 K Vi) 5

o Assessments on multlpactmg

4dIPN N NN PN
\HST"LIT BE PHYSIQUE NUCLEAIRE b L e
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WP4 - System optimisation

» Reliability analysis

o Development of a reliability model of the SNS accelerator
& benchmark w/ SNS logbook data

o Development of the MYRRHA linac reliability model
v'Diagnostics and C&C must be designed with increased reliability

v'We expect 13 compensation events per 3-month cycle -> the 30% margin on RF power could be lowered

» R&D on 700 MHz solid-state amplifiers
o Design of a 32kW SSPA for MYRRHA | =7

{ )

o Development & test of a 800W eIementary module

Local Compen:

r COMP Fau.'r Tree]

» Conceptual design of the MYRRHA cryogenic plant & cha

Amplifier N°2

» Main lessons learned from the GUINEVERE ADS opération analysis! 3dB coupler
Input printed Output printed
== ;
7 W THALES | n{.(:l—L[—hfﬂH]HH s d
EMPRESARIOS AGRUPADOS PR s @ FATOEERIE SYRTERE CK’ l PN

Gren b L e IHSIITLITI}EFH'I'SIQLIEHLIELEAIE[

STUDIECENTRUM VOOR KERNENERGIE
WTRE DET MERG RE
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MAX final report is available on http://ipnwww.in2p3.fr/MAX

W MAX reports & pape x

€ - C |[1ipnwww.in2p3.fr/MAX/index.php/reportspapers

MYRRHA ACCELERATOR EXPERIMENT
RESEARCH & DEVELOPMENT PROGRAMME T

Reports Conferences Seminars,/schools Contact us

General Information Public Reports & Papers » Member Area

e
Faracipant Institutes -
Lt MAX FP7 project |

Relevant publications & recent conference proceeding '

. Newsletters/articles about the MAX project Passwor
Scientific Work |
Programmes Private publications: Please note that many other publications are available only for members. If you

Work Package 1 are a member, to get access, please login in the Member Area (on the right). Remember Me
Work Package 2

Work Package 3

Work Package 4 Forgot your password?
Other Work Packages MAX FP7 project Forgot your username?

» MAX Deliverable 1.1: "Analysis of the XT-ADS accelerator design & detailed work
St_rUCture & programme”, April 2011. [Only available for members, private section]
Milestones
Structure
Project Milestones

» MaX Deliverable 1.2: "Design fine-tuning & beam simulation codes benchmarking”, August 2013.
[Only available for members, private section]

» MaX Deliverable 1.3: "Preliminary buildings and infrastructures definition”, June 2014. [Only
available for members, private section]

Communication
» MaX Deliverable 1.4: "Advanced beam dynamics simulations”, August 2014. [Only available for
Reports & Papers mermbers, private section]
Events & Conferences

Seminars & Schools » MAX Deliverable 1.5: "MAX Project Final Report”, August 2014. [Free Download in PDF, without
Useful Links appendix] [complete version, only available for members, private section]

+ MAX Deliverable 2.1: "352 MHz vs. 176 MHz Injector Comparison & Choice”, 31% January 2012.
[Only available for members, private section]

« MAX Deliverable 2.2: "RF test of a superconducting CH cavity in a horizontal cryomodule”, 30™
July 2014. [Only available for members, private section]

» MaX Deliverable 2.3: "Design of a Room Temperature CH-Cavity for MYRRHA", 30th July 2014.
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The MYRTE project (2015-2019)

MYRTE
Research in order to demonstrate the feasibility of
Main Objective transmutation of high-level waste at industrial scale
through the development of the MYRRHA research facility.
Project type Research and Innovation Action
Bt 4 years, coqrdinated by SCK+CEN
Start date: April, 1°t 2015 to March, 315t 2019
Coordinator SCK+CEN (Peter Baeten)
Consortium 27 partners

€11,989,922.49
Personnel involvement of 907,50

EU contribution € 8,995,962.00

Project cost

J-L. Biarrotte, JUAS, 17 February 2016. 59



MYRTE overview

Work
package
No

Work package title

Project Management

Lead
participant
No

Lead

Participant
Short name

SCK-CEN

Person-
months

Start
month

End
month

Accelerator R&D for ADS/MYRRHA

CNRS

Thermal-hydraulics

NRG

Chemistry of volatile radionuclides

PSI

Experiments in support of the
MYRRHA design evolution

SCK-CEN

Actinide Fuel

JRC-ITU

Dissimination & Communication

TOTAL

VKI

J-L. Biarrotte, JUAS, 17 February 2016.
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MYRTE WP2 overview

» 13 partners

Work package number 2 \Start date or starting event \ Month 1

Work package title Accelerator R&D for ADS/IMYRRHA

Activity Type RTD |N2P3
Participant number 1 2 3 4 6 8 11 Les deux infinis
Participant short name | SCK:CEN | ACS | ADEX CERN CNRS EA IAP

Person-months per 41 12 17 9 115 18 33

Participant number 12 18 23 24 26 27 @ M‘
Participant shortname | IBA | U. Darmstadt | COSYLAB | TED | CEA | NTG | oo oo e RSITAT
Person-months per 18 6 30 4 41 5

D (ba

L

o 4 research institutes (CNRS, SCK*CEN, CERN, CEA) for a total of 206 pm
o 2 universities (IAP, U. Darmstadt) for a total of 39 pm
o 7 SME & industries (ACS, ADEX, EA, IBA, COSYLAB, TED, NTG) for a total of 104 pm

» Overall budget: 5.3 M€

T H A L ES
o 349 pm over 4 years (about 8 FTE) NS
o 1760 k€ for consumables and travels =_~TG§
- %5 TECHNISCHE
UNIVERSITAT
» EC contribution: 4.0 M€ ﬂﬂﬁﬂ DARMSTADT

O ACCELERATORS anp
CRYOGENIC SYSTEMS

J-L. Biarrotte, JUAS, 17 February 2016. 61



WP2 objectives

» Pursue the research, design and development of the MYRRHA accelerator

» W/ special focus on the first section of the INJECTOR part (building from previous work)

MYRRHA injector #1 MEBT Main LINAC

>
] 0 4 11 0 o e e, L L O TR

NC CH cavities SC CH cavities

SC Spoke cavities

> N : . f
% e o A
s y | < <7 . %

Existing Source + LEBT 1 = MAX RFQ short
installed at CNRS/LPSC Grenoble | MYRRHA RFQ design prototype

J-L. Biarrotte, JUAS, 17 February 2016. 62




WP2 objectives - Injector demonstration

o Realisation of a full-size MYRRHA-type RFQ demonstrator (Task 2.1)

GOETHE g v" IAP, NTG, U. Darmstadt, SCKeCEN, CEA, CNRS
UNIVERSITAT v April 2015 = Oct. 2017
o Construction of a prototype Solid State RF power amplifier (Task 2.2)
; v" IBA, SCKeCEN, CNRS, Cosylab, IAP
(ba’ v" April 2015 - Oct. 2017

o Digital Low Level RF development (Task 2.3)
v" CNRS, SCKeCEN, Cosylab

AP

s ™" v April 2015 > Oct. 2017

o Injector commissioning (Task 2.7)

]
CK. v" SCKeCEN, CNRS, ADEX, CEA, Cosylab, IAP
T e v' April 2017 = April 2019
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WP2 objectives — Beam characterization & control

o Space-charge experiments (Task 2.8)

TS — v CNRS, CEA, IAP, SCKeCEN
v April 2015 = Oct. 2017

o Beam diagnostics development (Task 2.4)

Ce:] v" CEA, CNRS, SCKeCEN, Cosylab
I v" April 2015 - April 2019
o Control system in a highly reliable accelerator context (Task 2.5)
v" Cosylab, SCKeCEN, ADEX, ACS, CEA, CNRS, IAP
m COSYLAB v" April 2015 - April 2019
o Beam simulation code development, global coherence (Task 2.6)

Ca'] v" CEA, CNRS, SCKeCEN
— v" April 2015 - April 2019
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WP2 objectives — Others

o LINACA4 reliability analysis (Task 2.9)

CE/RW v CERN, EA SCKeCEN, TED
\ -
S~ v" April 2015 - April 2019

o MYRRHA SRF spoke R&D (Task 2.10)
v CNRS, ACS

4PN

\HSTIILITI)EFH!'SI!]LIEHLIE[EAIRE \/ Ap r|| 2015 % Oct 2017

o SRF CH demonstration with beam (Task 2.11)

G{JETHE v 1AP

UNIVERSITAT

FRANKFURT AM MAIN v Apr|| 2015 = Oct. 2017
o MYRRHA linac cost estimation (Task 2.12)
CK’, v SCKeCEN, ACS, TED, CNRS, IAP

T T v April 2015 - Oct. 2016

L.I'E DEL F"-IFF:’ F Mvﬁ. A.R'F
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THE FRAMEWORK PROGRAMME FOR RESEARCH AND INNOVATION
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6. Conclusion



» Nuclear waste management is a complex (& long-term) issue in a much
more complex (& shorter-term) hazard: sustainable energy & global warming

» MYRRHA = unique opportunity to demonstrate the ADS technology in a
high-power scale

»The ADS accelerator reference scheme is based on a 600 MeV, 4 mA cw
superconducting proton LINAC

» R&D is focused on the reliability issue. This may bring substancial impact
for availability optimisation in future accelerator projects featuring high
power proton beams.

» Thanks to R&D, the MYRRHA accelerator has reached a sufficient level of
design to be able to envisage the start of a construction phase...

Rendez-vous en 2018!! ;)
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for your attention!
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