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Scope

1. MYRRHA Phase 1 (=MINERvA)
2. MINERVA's SRF LINAC and Cryogenic System
3. Spoke Cryomoc UIE€S (prototype and series)

4. Summary
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MYRRHA
.. and MINERVA (= MYRRHA Phase 1)
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Why MYRRHA?

* Nuclear waste treatment

 Allow for Partitioning & Transmutation
of nuclear waste in order to reduce its
radio-toxicity.

» Reduction of 100x in volume and 1000x in
duration.

* Other applications

 Flexible irradiation in replacement of the
SCK CEN MTR BR2 (100 MW).

 Fast spectrum testing. An attractive facility
in Europe, beyond 2010 complementary to
RJH (FR).

e Production of medical radio-isotopes
* Education and training
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The MYRRHA Project

* MYRRHA, a Multipurpose hYbrid Research Reactor for High-tech Applications

 MYRRHA is an Accelerator Driven System (ADS)

« A full ADS demo facility at pre-industrial scale, where a "subcritical" reactor
core is coupled to a proton accelerator.

* The particle beam is needed to sustain the nuclear reaction.

Linear Accelerator
protons 600 MeV, 4mA, CW

Biowsi o dOEEEE-- - -

2 ot IR~ -

If the linac stops,
the reactor stops.

SUBCRITICAL

REACTOR
(~70MWTH)
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Reliability is a core requirement

* Beam trips...
... cause severe thermal stress on the reactor materials/components limiting its lifetime.

* ... lead to a time-consuming restart of the reactor limiting its availability.

* Reliability requirement
* Beam trips shall be resolved within 3 seconds to be transparent to the reactor
* Max 10 beam trips > 3s within 90 day operational run (MTBF > 250 h)

Limit beam

Linear Accelerator trips over 3s

s Ll rotons 600 MeV, 4mA, CW
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Fault tolerance, key to achieve high reliability

Fault tolerance in MYRRHA

+ Parallel redundancy of injector section

» Serial redundancy in superconducting RF (SRF) linac (online
systems take over workload of failed systems)

Only 3 seconds for failure detection, reconfiguration, and full

beam power ramp

For trips on RF systems, local and global compensation schemes

are under study

2 injectors in parallel for
parallel redundancy

SCK CEN/54524099

sckcen

Linear Accelerator
protons 600 MeV, 4mA, CW
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RF systems with sufficient
operational margin for
serial redundancy

Fault compensation of RF systems
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The 3 Stages of MYRRHA (1/2)
Phase 1 = MINERVA (fully funded since 2018)

100 MeV, 4mA CW, SRF proton linac available at SCK CEN by 2027

Key objective: To demonstrate reliability as required for an Accelerator Driven System (ADS)

Application Centers: ISOL system (100 MeV, 0.2 to 0.5 mA of beam), Full Power Facility (fusion material research, 400 kW)

Phase 2 (expansion to 600 MeV) & Phase 3 (reactor)
Funds available for R&D

Subject to international funding for implementation

8 LA MINERVA
ESRTCURTINN 1 | | | R
S TE)----nzE
3:@ ol b fEREE- - - - l
PHASE 1
100 MeV
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Application
Centers

PHASE 2

600 MeV

SUBCRITICAL

REACTOR
(~70MWTH)

PHASE 3
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The 3 Stages of MYRRHA (2/2)

MYRRHA Phase 1 (= MINERVA)

e

AIOIO|ICatron E]aar:;;r et
Centers ==&

a ,_eTerato
\ ‘ (100 MeV)
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MYRRHA (fully implemented)
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MYRRHA's Accelerator Technologies
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) Injector ~ SRF LINAC (low-beta)
0.03 MeV 1.5 MeV 5.9 MeV 17 MeV 80 — 100 Mg
i LEBT MEBT ~1lm
///// //A",P’aF,él@T,fplé,c’;ér’,l’n’fb’a’s;%’z’///// 000

LEBT

4-rod RFQ thermal mockup

SC-CH cavity

SC-CH cavity

Phase 2 - 600 MeV

[34 cav, 639 m]

[60 cav, 100.8 m]
704.4 MHz ELLIPTICAL LINAC f=0.705 E00MeV

5 element elliptical cavity

elliptical cavity envelope
with cold tuning

casemate

Beam dumo

Reactor target

sckcen

mechanism design of th:“:s;tc ;ﬁzmgdme for the 700 MHz s;,lri:’jtzssnienZF amplifier
< > +—>
SRF LINAC (medium and high-beta) Reactor
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Low-Beta Cryomodules

Cryogenic Tubes Interdace
to The Cryogenic Line

Instrumentation
Insulation Vacuum Prolection Feed Through

Burst Disk i
Cryomodule Akignment Target

LHe Bufier . _.; . - ' Thermal Shield

= Cavity Shding
Posts
_ Coupler
Compensatng system
;"' Cavtty Train
Cavities Alignment Target Support Table Adjustable Support

Table Posts

MINERVA comprises of 30x cryomodules.
» All identical in design

» 2 Kelvin operation (~20W @ 2K *)

* Qrotq = ~7TOW @ 4.5K *

e Vacuum Vessel: L1.9m x @1.2m

« Each housing 2x single-spoke SRF cavities
° Eacc_nom = 7.0 MV/m (* = at Eacc_nom)
* Eiccmax = 9.1 MV/m
. f, = 352.20 MHz i
e Qo> 5.2 x1079* ISC: Restricted



MYRRHA's Background Studies
Courtesy F. Bouly. 2020. LINAC2020 (in2p3- 03062748)
BTN N N N T T T TR TN T

€ End 50’ : 1 accelerator projects for ADS [{APT/AAA, TRASCO, .
2002-2005 : MYRRHA as one of the 3 reactor designs within the PDS -XADS FP5 project

Eurotrans (FP6)
MYRRHA : XT-ADS demo.
Linac 600 Mev —

R&D on reliability-
GUINEVERE & GENEPI-3C

MAX (FP7) ; S
» Start-to-end reference dP_f.lgn W. error study
» Prototyping : elliptical and spoke cavity, RF

ampli., RFQ mock-up, CH-DTL cavities
= Reliability model
= Design Review

MARISA T

MYRTE (H2020)

= [njector construction & commissioning

» Beam Characterisation & Control
» SRF cavities (spoke Cryomodule—CH )
= Reliability & specific R&D

* Many background studies and designs performed during the last decades
sckcen | scccmsizos o NAINERVA is today in the implementation phase (incl. design consolidation) < pestiny
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MINERVA's SC LINAC

a 100 MeV, superconducting proton linac
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The SC LINAC (1/2)

Cryo-distribution Cryo-Cell
Storage |_| Cryoplant - (QCELL)
(NA.CP03.XSx) (NA.CPO1) line (NA.CP02.QLR+QLM)
(Only Helium is used as the
~3 kW@4.5 K cooling fluid)
QLR
< Low-beta LINAC
Entrance LINAC tunnel --------- |:
aLm

Valve box (QVB)

Cryomodule (QM)
— each QM contains 2 cavities (CAV)

Based on ACC Layout

\ 4

End-Box w
'/ Ao Ve SCK/37633125v30 "

T 9999999999999 %9%% % |
e Injector

D = — e e B R S A T R LT L
//T ) 24 QMS (Minimal staged installation) i e
Beam direction

N X < 30 QMs (Baseline - Full MINERVA LINAC) >
To the target 100 MeV 17 MeV
facilities

MINERVA Operational Scenarios.

SC LINAC configuration

Fault-tolerance (FT)

Scheme 24 QMs 30 QMs
Full FT 70 MeV 100 MeV
Standard FT 100 MeV (125 MeV)

* Delivered proton-beam energy (MeV) depends on the actual
machine configuration and fault-tolerance scheme.
* Design point for CRYO is “Full FT/30 QMs”

SCI{ CenNn | sk CEN/54524099

The “Cryo-Cell” (QCELL = OM + QVB)

» All MINERVA QCELLs are identical in design, but have different
operating points (— different dynamic heat-loads!).
» The QCELLs are the only cryogenic “users”.
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The SC LINAC (2/2) ,— Valve box (QVB)

Cryo-Cell
pAgmsi | Coene | acew LRI Cromoduecamn
- : (Only Helium is used as the — each QM contains 2 cavities (CAV)
~3 kW@4.5 K cooling fluid)
< Low-beta LINAC > Based on ACC Layout % .
Entrance LINAC tunnel ---------[--- _— / 5CK/37633125v3.0 qs
= ‘ Injecto
///T 24 QMS (Minimal staged installation)
7 Beam direction
« 3 “ 30 QMs (Baseline - Full MINERVA LINAC) >
To the target 100 MeV 17 MeV
facilities
Simplified concept of the cryogenic backbone
to Cold Box
(QRBZ}‘
— s ~3m | _
Tunnel -=-4=---- N ;5 End-box
entrance . Cryoline (QLM) | " Valve Box Valve Box ' " Valve Box * Valve Box (QVE)
\ (QvB) (QVB) {__ @QVB) j {__ (QvVB)
~@500-600

Cryomodule Cryomodule Cryomodule Cryomodule Beaml direction
{ (QM) J [ (QM) J { (QM) ] { (QM) J
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The Cryo-Cell (QCELL)
= valve box (QVB) + cryomodule (QM)

Preliminary PFD
Courtesy of CEA/DSBT, modified

WR [300 K, 3 bar] <«

E[60K, 14 bar] —» JEN F—
D[40 K, 15 bar] <
B [3-4 K, 27 mbar] & e
A [4.5K, 3 bar] <+

HX is in the —
valve box 11 | |

\

¥: ¢ L

B PIDAS0) | |
Themmal sheeld 3
L 2K |
Beam direction
.

CAV: RF cavity
CPLR: RF coupler
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:Warm piping

Valve box

Jumper

Cryo-
module

Simplified cooling circuits of a QCELL
as seen by the cryo-distribution

» Final interfaces and T, p values to result from cryoplant

optimization.

 Heat load values [W] still preliminary and without

margin. The dynamic contribution [%] is indicated.

:
| Heat exchanger | : 27 mbar

X ~22 W * (40% dyn.)

2K
45K 0 bl Do CAVs E 300K
3 bar ; ~0.06 g/s * (25% dyn.) i 1.05 bar
CPLRs D] WR
. ~300 W (static) .
40K p = Thermal Shield : 60K
15 bar ; 14 bar

* Assumes both CAVs at “nominal gradient”: E;.c = 7 MV/m; Q, = 5.2 x10°

Total per QCELL (without margin):
> ~80W @4.5 K equivalent
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The overall Cryogenic System
(preliminary design)

PED of the overall Cryogenic System

Courtesy of DSBT, simplified. Coupler cooling circuits not yet modified

« A preliminary design of the MINERVA el | |
~3 kKW@4.5K
Cryoplant developed by CEA/DSBT. The . o e (~800 W@2K)
| design phase is now ongoin e )[4 === .
conceptua gnp going. | ) vlwlw % éTé e ~800 kg of Helium
« Some changes already planned for the | oo e R
new iteration (i.e. modification of coupler . ;z’ ' cold-box
cooling circuits ixﬁm: e (incl. cold compressors)
J ) :_(:\_,95 Storage %‘*
» For the cryoplant, 2 industrial pre-studies ? Ei ,f’ ]
were finalized in Q1-2023 by Linde (LKT) & Warm @ o)
Air Liquide (AL-aT). The studies addressed g:a::z;essor i T
the refrlgeratlon process, equipment, and [ &=l
dimensions. i ol |
H End-box
Distribution
lines
$ QCELLs -
Relative system
position according
to building layout -

Beam direction

SCl{ CeN | sck cenysa524099 16
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Building Architecture

Storage &

Warm Compressor

Station

Cold-Box

[l }Emé Tyl [y] Myvll g N
] — IE._ = T“W‘%E
: CCB Building e . = Is
R Ig S AUB Building
i N - s s g - =E e e

I R . REER RN T

: [ i (R : —— . . — BT 2 | /
: | | ¢ ‘
: — e SRF LINAC ey — :
: / B % 7 = » - Injector B
: - - o ,///%5/// o 3w R
: %//;////////% 3 iaman s
e =
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MINERVA's CRYO Architecture

The Cryogenic Supplier

(from SCK CEN-40629944)

SBS: Ls c . S I NA.CP Primary systems (Accelerator, ACC PS)
Naring . ryogenlc upp y Secondary systems (Nuclear Facilities, ACC NF)
aming Convention
(SCK-CEN/42055443) syStem °
[ The Cryogenic User
| |
SBS: L4 NA.CP03 NA.CP01 C . NA.CP02 ACC PS.LB |~ SBS: L3
ryogenic
Infrastructure Cryoplant -1y SC LINAC
Distribution System
| |
| | | | | | |
S _G_ PIL_ _©_ R L V_ QCELL
General piping Warm compressor Refrigerator Cryogenic transfer Cryogenic .
SUIELE B UIEIEET and lines stations cold boxes lines distribution boxes Cieganeee]
SBS: L5 WSH WGR WPS WCS QRB Main QLR QVB QM- SBS: L4
HP gaseous warm He recovery Supply lines (for Warm compressor Refrigerator . . Cryomodule's
— — : : — refrigerator line Cryomodules
He storage (GHe) system purging, etc) station cold-box valve-box
| | (QRB < QLM)
| |
- Compressor skids - Cold Compressors
QSH WGP WPR (SP, LP, and MP) - Main process section Crvogenic 2V QVE
| | Liquid He storage He purification || | Warm recovery - Gas regulation panel (HX, turbines, etc.) | m);n?fold [ odsm
(LHe) system lines - Qil removal system - Warm-section panel (QLR — QUB)
- Dryers (if not part of
urification system o
For aiding the main P ystem) QCELL Definition:
QSN process (buffering) WLR QLv - Ix Q?ELL =1xQM +1x QVB. )
|_|qu|d N2 Storage Cold recovery - The MINERVA—ACC—Layout v3 (SCK-CEN/3763312 V3)
] (LN2) e — Vent collector foresees QMs with accelerating cavities only:
‘ - 30 QMs configuration: design point and baseline.
\ - 24 QMs configuration: minimal staged installation.
To assist pre-cooling
and/or purification QLH QL N.B.:
units LHe-storage LN2-storage e .
connection connection Cryogen_lc SYStf’m = .
“Cryogenic Supplier” + “Cryogenic User”
NA.XX
Utilities ACC
]
] ] ] ]
. NA.ESxx ) NA.PS01 NA.PS05 NA.HV03
. Electrical power Cooling water Compressed air HVAC
sclk cen | scxcenysaszanss (EP) (CW) (CA) 18
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https://ecm.sckcen.be/OTCS/llisapi.dll?func=ll&objaction=overview&objid=40629944

SCK CEN-Teams for MINERVA Cryogenic System
(ATS, ICS, and NFS)

Cryogenic Supply System (“Cryogenic Supplier”)

Branches:

1. Cryoplant (compressor station + cold box)

2. Cryo Distribution System (excl. QVB)

3. Infrastructure (gas storage, gas management
etc.)

[+ Ancillary systems (utilities)]

Cryogenic
Supply System

Cryo-Cells (“Cryogenic User")

SC LINAC with 30x Cryo-Cells
(QCELL = QM + QVB)

for
MINERVA

QM Design &
Prototyping Tests

QCELL Design &
Implementation

* Prototype design
* Prototype manufacturing
 Laboratory testing

sclk cen | scxcenssaszaos

Controls

N FS NFS

Nuclear Group

Facilities UMBS
(Utility Building
Management
System)

ATS cs

Accelerator GI‘OUp
Technologies and ICS
Systems (Integrated

Control System)

« Series design consolidation
* Industrialization (tendering, etc)
* Installation & Commissioning

19
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SCK CEN-Teams for MINERVA Cryogenic System | | Collaborations
(ATS, ICS, and NFS)

T Suppliers Controls
Cryogenic Supply System (“Cryogenic Supplier”) NES NFS
Branches: @ Nuclear L
1. Cryoplant (compressor station + cold box) e Y,  Faciities (Utilliﬂyl\gEiISding
2. Cryo Distribution System (excl. QVB) Cryogenic oY Masn;s%:rr:)ent

3. Infrastructure (gas storage, gas management Supply System
etc.)
[+ Ancillary systems (utilities)]

cryoplant industrial pre-study

< @ airlLiquide

CRYO
for
MINERVA

Cryo-Cells (“Cryogenic User”) ATS CIS

SC LINAC with 30x Cryo-Cells Accelerator Group

(QCELL = QM + QVB) QM Design & @N : QCELL Design & Technologies and IcS
Prototyping Tests ph Implementation SYBUEE (Integrated

@ Control System)
t ‘ research
@INQPB J Lab @ instruments

KrioSystem""'-"

Iréne Joliot-Curie

ﬁ deux infinis
‘.’ Zanon I — Laboratoire de Physique
RRRRRRRRRRRRRRRRRRRRRR .u& des 2 Infinis
I o

MECA e = MECA
PMB [l nacNeTIc e O A C S Wi | MAGNETIC O AC S

i : e e e R AR ATIRIEEE L N CRVOGENICSYSTEMS 0 UppsalaUniversity ' = 4
RLCEN ® magnetic shielding Subatomique et de Cosmologie ® magnetic shielding

LALLE

S w—

SCK CEN/54524099 20
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sckkcen

Low-beta Cryomodules

Prototype and series
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Prototype Cryomodule
(MAX project design 2018)

Helium tank
Jumper connection

Vacuum Vessel

Thermal Shield
Magnetic Shield

Cold tuning
system (TUN)

RF cavity

Buffer tank

Beam pipe

RF coupler

External support
structure

Thermalisation circuit

SCl{ cen | scxcenssaszao9o )
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Fotos courtesy of IJCLab and ACS

Prototype Cryomodule
(MAX project design 2018)

Prototype cryomodule for MINERVA Test campaign at IJCLab
.'J_t .
% . . reheater
= =
, Proto I
QMm
| o LNZ
Test
valve box
I LHe
W/ — Cabmet e ¥ L' |
Cryomodule fuIIy assembled in 2022 Test campaign 2023
» Valuable return of experience (assembly sequence, etc...) e Without RF: done, currently under analysis
« With RF: Starting this week

sclk cen | scxcenssaszaos i
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Series Cryomodule Production

Spoke cavities First pre-series cavity Magnetic shield

| Internal * Magnetic shields
spoke adjudicated to MECA
contour .

Magnetic (FR)

 Series production started
(kick-off Jan-2023)

« SC spoke cavities adjudicated
to Research Instruments (GER)

* First pre-series cavity (CAV-
LB-03) in surface post-
processing flow

* Main post-processing steps
achieved successfully

* BCP (rotary plant)
* High-pressure rinsing

* High-temperature heat
treatment

research
iInstruments

sckcen

|C| NAGNETIC

® magnetic shielding

SCK CEN/54524099 24
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Series Cryomodule Production

Components under design consolidation
in view of call for tender

« Design consolidation is ongoing for the remaining
cryomodule components

* RF power coupler
* Cold tuning system

* Cryostat

* The mechanical design of the valve box is ongoing

* Example of current activities
* Implementation of latest return of experience
» Cross-checking design and performance requirements
« Update of 3D models and integration check
 Preparation of tender documentation

* All components will be tendered based on detailed 3D
models. The manufacturing drawings are to be prepared
by the supplier.

Valve box Cryostat

SCl{ cen | scxcenssaszao9o §
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Summary

of MINERVA cryomodules and associated cryogenic system
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Summary

MYRRHA Low-beta Cryo-Cell (=Cryomodule + Valve Box)
» Accelerator Driven System (ADS) comprised of e Q= ~20W (40% dyn)
600 MeV linac and subcritical reactor ¢ Qrotal = ~80W @ 4.5K equivalent (without margin)

» Key use case is Partitioning & Transmutation of
nuclear waste
 Reliability: MTBF > 250h for beam trips over 3s

MINERVA = MYRRHA Phase 1 Main cryo activities for 2023

» Proton linac, 100 MeV, 4mA, CW * Prototype tests for cryogenics and RF systems

» 30x identical cryomodules, with 2x spoke  Series production of cavities and magnetic shields
cavities each. Nominal operation at 2 K « Design consolidation in view of call for tender for the

« Beam on 2027 remaining components

« Conceptual design of Cryoplant + Distribution

Prototype Cryomodule Series Spoke Cavity
B esin WHEEE- - - LINAC 600 MeV v o
i ’:’=‘= T WEE — e e T o Ty -
i ady - - - ‘
17 MeV 100 MeV 600 MeV /R
Sub-critical
Reactor

- y e 0 Y "
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This presentation contains data, information and formats for dedicated use only and may not be communicated, copied, reproduced, distributed or

Any infringement to this rule is illegal and entitles to claim damages from the infringer, without prejudice to any other right in case of granting a
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