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Lecture Outlook

PART 1

mmp < Definition » of a High Power Proton LINAC (HPPL) and range
of applications

mm) HPPL for neutron source
mm) HPPL for Radioactive Ton beams production

mmp HPPL for Nuclear waste treatment

PART 2

) Superconducting cavities for HPPL : basics, advantages,
performances overview and technological challenges
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Why high power proton accelerators ?

Secondary Beams produced by a
high energy proton in a target
5 applications in fundamental and applied Research
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Tests of material
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Specification for a High Power Proton Accelerator (HPPA)

R.1.B. V&N Neutrons Transmutation
(EURISOL) (CERN) (ESS) (DEMO~—>Industriel)
Tna 0.1 30 10 30—100 10—100
<I>ma 0.195 2 1—> 4 10— 40
Ecev 0.02—1-2 2 1—1.3 0.6-1
D.C. 100% 20%0 690 100%
<P>ww 0.1-5 4 1— 5 6 = 40

HPPA: Power ranging from 100 kW so sevral MW
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Particle accelerator main components & where HPPA is specific

schematic
view

Source Accelerator User

An accelerator is composed of the following main sub-systrems:
a source of charged particles: e-, p+, heavy ions; special case: e+ & anti-protons

accelerating elements
electrostatic columns or radiofrequency cavities which provide the electric fields
giving the energy to the particle (beam)

beam guiding elements
mainly magnetic, in order to maintain (focus) the beam on the wanted trajectory
and to provide the orbit in the case of a circular machine

as most important ancillary systems vacuum and beam diagnostics
high vacuum is needed to avoid perturbation of the beam by collisions with
residual gas, and beam diagnostics for the monitoring of the beam trajectories

the user installation
(complex) experimental set-ups including targets, spectrometers, detectors
special case: secondary beams produced by a nuclear reaction (e.g.: neutrons) or
an electromagnetic process (e.g.: photons by Bremsstrahlung/synchrotron Rad.)
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Some recall on dynamics

Classical Dynamics

W < EO

In this case, the energy of the
particle is purely kineftics:
1 2
= mo Vv
2

The particle momentum is
P = mo V

Relativistic Dynamics
W > E,
E=Ey+W
E = m02 EO = m002
m = ]/mo E = ]/EO
1 5 Vv
- P
1- g% c
Ang T
p=mv E =E +pc
0
Ultra-relativistic case W>>E,
=1 v=cC
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Different accelerator types

Kinetic energy W

Electrons Protons/ions
Electrostatic 20-35 MeV
Van de &raaf &Tandems (Vivitron)
Betraton 10-300 MeV
Microtron 25-150 MeV
Cyclotron 10-100 MeV —7
Synchro-cyclotron 100-750 MeV
Synchrotron 1-10 GeV 1-1000 GeV
Storage ring 1-7 GeV (ESRF)
Collider ring 10-100 GeV (LEP) 1-7 TeV (LHC)
Linacs 20 MeV-50 GeV (SLC) | 50-800 MeV(LAMPF)

Linear collider

50-1000 GeV (TESLA)

At PSI: p+ of
600 MeV, 2,2 mA

Total Energy (E) = Rest energy (Ep)+ Kinetic Energy (W)

L :EO+W

L Eo: moczﬂ

electron Ep= 0,511 MeV
protons Ep= 938 MeV
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RF Linacs compared to other accelerator types

» In DC accelerators the energy gain is limited by the maximum applied
voltage, which is limited by electric breakdown.

» In RF accelerators (linacs, synchrotrons, cyclotrons) the final energy can
exceed the maximum voltage, which can be applied repeatedly to the
beam. The final energy is limited only by economics.

» Synchrotrons are limited to low beam currents by beam instabilities
associated with the repetitive cycling of the beam from turn to turn
through unavoidable focusing lattice errors.

» Cyclotrons are not pulsed but are limited to low beams currents by
weak focusing and same inherent circular machine instabilities.

» Linacs can deliver high beam currents because they can provide strong
focusing to confine the beam and are not subject to circular machine
instabilities.
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RF Linacs compared to other accelerator types

In summary : Linacs are capable of delivering beams with high energy,
high intensity and good beam quality (small emittance)

» Maximum energy not limited by electric breakdown.
» Strong focusing can be provided.

» Single pass device means beam is not subject to repetitive error
conditions which cause destructive resonances as in circular machines.

» No power loss from synchrotron radiation for electron linacs.
» Natural orbit is a straight line making injection and extraction easier.

» No limit to duty factor.
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Installed or projected HPPA
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High Power Proton Accelerator used
for neutron sources produced by spallation
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Condensed matter study: why neutrons ?

Neutron Scattering

Atomic number
>
1 - 3 22 26 28 82 — L
2 TSR R B X-rays _——
[~
2 H C 0 Ti Fe Ni Pb
8 Hyarogen Carbon Oxygen Titanum Ion  Nickel Lead
. [ € > . . ' — Mn
- (Inc}
8 oo 5o b Neutrons B
S 0
2 . 47 » 56. 60 »
& ’ L
§ 8e 57 . 61 @ Li
= 49 62 @
09
Material for Li-battery seen by
X-rays interact with electrons. X rays (left) and
— X-rays see high-Z atoms. Neutrons (right)
Neutrons interact with nuclei. T Kamiyama ot al

— Neutrons see low-Z atoms.
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Condensed matter study: why neutrons ?

Water molecules
Observed with
neutrons

N. Niimura, et al.

Neutrons

Protein

A proten
- molecule

From structure to function

moving along
theDNAchain
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Courtesy of PSI
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Condensed matter study: why neutrons ?

N
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Copyright @ Nissan
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J-PARC : Japan Proton Accelerator Research
Complex (construction achieved, close to
commissioning completion)
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J-PARC (Japan) : Accelerator complex

Ph 5 3 GeV PS Experimental Area

(25H2)
R&D for Nuclear 1 3 GeV PS
Transmutation Experimental Area
Linac
(Superconductin\g)

Linac 50 GeV PS

(Normal Conducting)

Neutrinos to
SuperKamiokande

— Phase 1 + Phase 2 = 189 billion Yen (= $1.89 billion if $1 = 100 Yen).
- Phase 1 = 133.5 billion Yen for 6 years (= 2/3 of 189 billion Yen).
— Construction budget does not include salaries.
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J-PARC (Japan) : Accelerator complex

dary particle produced at J-PARC:

| ’ Muon ()
Target Nucleus ES0r ()

Proton (p) ’ ﬁ

Neutron (n) ‘)F\leutrlno (v)

Proton (p) % Anti Proton (p)

3 GeV, 50 GeV

Neutron (n)

Need to have high-power

proton beams _ _ _
Materials & Life Science from RCS

Nuclear & Particle Physics from MR
R&D toward Transmutation from LINAC

— MW-class proton accelerator
(current frontier is about 0.1 MW)
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J-PARC : Overview

=== Hadron Experimental
e Facility
Materials and Llfe Science Experimental - T
Facility (MFL)

Nuclear
Transmutation

Neutrino
Experimental
Facility

3 GeV Rapid Cycling s 50 GeV Main Ring
Synchrotron (RCS) & Synchrotron (MR)
(25 Hz, 1MW) (0.75 MW)

J-PARC = Japan Proton Accelerator Research Complex
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J-PARC : Planning

J-PARC Construction Schedule Feb. 27 2006

Year | jry2001| JFY2002 | JFY2003 | JFY2004 | JFY2005 | JFY2006 JFY2007| JFY2008 | 2009 ~

nst | ! [Beam Commiissioning Operation
vl v v

Linac

3GeV RCS

Main Ring

MLF
(Materials & Life)

Hadron

Neutrino

Infrastmctura&- e

L I

Salt Farm Assels LrDﬂSTI'L.IC'[IDn : :
t Start i —
Time when this schedule was created
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J-PARC : Pictures

é GeV bu1|d|ng

4PN
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J-PARC : commissioning

History of beam commissioning

Construction started.

Linac beam commissioning started.

Linac beam energy of 181 MeV was achieved.
RCS beam commissioning started.

RCS beam energy of 3 GeV was achieved.

MR beam commissioning started.
First proton beams reached to the neutron target.
MR beam energy of 30 GeV was achieved.
First proton beams reached to the Hadron target.
User operation of MLF started.

2009 First proton beams reached to the Neutrino target.
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J-PARC : commissioning

History of beam delivery to MLF

N Beam Power [kWh/Day]
= Arcumulated Beam Power [M'l.'.l'h]

2008 2009 2010
0 Lie #18 #27 §24-25 #26  M27 #28 429 w30 32| 7
5/30~ 12/5~ 210~ 527~ 10/6~ 119~ 127~ 117~ #31 4134 § DEC 2010
i w20
616~ 12/23~
; 2500 ' #18 -f#u c 120 E
/19~ 121~ ot -
é S 5 300 kW during
=
£ |3 - g § 1 hour of beam
o i
=, ol s g - power issued
(5 8o 2] ©
2 || 5 iy @ § 2 from the RCS
o o £ & @ - - 60
310 A F £
E Q 3 St & oD 5 22 300 kW ||
o Q= I
RS 8D 90w » § 3., | ,
S
© 62
g i
4 kW By courtesy of the MLF gl |
0 — 0 10:39 11:(3-!9 11:39
2009 summer Shul{j{]wn User program was cancelled Time [hh'mm]

due to a trouble in cryopenic
drogen loop.

After the recovery of Linac-RFQ, high power operation of the HC% has became possible and
120 kW operation has started for the MLF users.

Neutron beamline : 12 beamlines are now under commissioning and open for users.
Muon beamline: The highest intensity beamline in the world with the 120 kW beam.
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J-PARC : Year 2011
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J-PARC : Linac parameters

* Major Parameters

— Particles: H-
— Energy: 181 MeV

90-deg dump
| 100-deg dump | .

(400 MeV for ACS, 600 MeV for SCC)

/

—  Peak current: 30mA (50 mA for IMW at 3GeV)
— Repetition: 25 Hz (additional 25 Hz for ADS)
— Pulse width: 500 psec
Front-end | 30-deg dum OlkW |
(7 m) <DTL Debuncher 2 g pu.
< DTL ole > Debuncher 1 : — . /1
(27 m) (84 m) £ o !
* 3MeV 50 MeV 181 MeV |« > || 0-deg dump 0.6kW

Front-end = IS + LEBT+ RFQ + MEBT

(ACS)
(109 m)

(400 MeV)

1 1 1 1
a & M »n .} L =]

1
bm
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J-PARC : Linac pictures
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J-PARC : The SC Linac parameters

Preliminary design of SC proton linac

Design Parameters

Energy 400-600 MeV
Frequency 972 MHz

B 0.71-0.79

No. of Cell 9 cell/cavity

No. of Cavity

2 cavity/cryomodule

No. of Cryomodule

11 cryomodules

Length

S7.7m

Surface Peak Field 30 MV/m
Accelerating Field 9.7-11.1MV/m
Synchronous Phase -30 deg

No. of Klystron 11 klystrons
Total RF Power 10 MW
Loaded Q ~500,000

ACS Facility

——

400MeV

Amplitude and phase stability (+1% & 1deg) in pulsed operation

J‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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J-PARC : The SC Linac cryomodule

*Two 9-cell elliptical cavities of 3=0.725 at 2K (972 MHz)

«Stiff structure for cavity and tuner to reduce Lorentz force detuning

80K thermal shield by LN, and 5K thermal intercept by LHe

RF Power Coupler

Vacuum Vessel
Magnetic Shield

i

1.2m

Tuner A LHCavity Support ="l

igher Order Mode Coupler

Am

Beam Axis
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J-PARC SC Linac : R&D on 972 MHz cryomodule

L L |
L_- -

— /l
Radiation
shield

Cryomodule

P
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J-PARC SC Linac : R&D on 972 MHz cryomodule

Cavity Phase for several pulses during ~1min

(Eacc~10MV/m, Pulse length:1ms,

Repetition:25Hz)

@2.1
4.2K .,
98 @ C 108
96 106
S =)
'\%i 94 é 104
3 92 % 102
S c
o 90 o 100
) ] 2
> g8 g 98
S ¥ °
86 96
84 94
82 92
80 : : : . . 90
0 200 400 600 800 1000 0
Time (us)

O Changing slowly

—->Control of LHe vessel pressure &

automatic tuning system

200 400 600 800 1000
Time (us)

Phase stability < +5 deg

[0 Scattering significantly

(Microphonics ?)
(Bubbling of He ?)

Phase stability of £1deg is realized in 2K operation, impossible at 4.2 K
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SNS : Spallation Neutron Source
Oakridge, Tennessee, USA

(commissioning completed, operationnal phase)
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SNS : the US spallation neutron source

/ Front End Bulldmg

"'—‘—.

quuefactlon
Bulldmg

“for
phase
Materials
'\i §cfences

Central-Laboratory L~ 4 Naai
and Office Complex ' : >

Joint Institute for
Neutron Sciences
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Front End

The front-end Linac

system produces (Los Alamos and Jefferson)

pulsed beams of The accelerator increases the energy of the hydrogen ions to one billion electron volts,

negative hydrogen almost 90% the speed of light. The ions are transported to the accumulator ring, and

ions. as they enter the ring, their electrons are removed, which changes them into protons.
This is the world's first superconducting
proton accelerator.

| Accumulator Ring

(Brookhaven)

Sixty times a second, the protons
are ejected from the ring and
delivered to the target.

Key Facts

Funded By: U.S. DOE Office of Science

Total Cost: $1.4 billion

Completion Date: 2006

Annual Operating Budget: $150M est (2007)

Ta | « et - .’._.:. \ | graTRT iy
< 4 ’ V : PO T
(Oak Ridge) '

The ejected protons bombard the target, which
produces neutrons by the spallation process.

Instrument Systems [~ aan )
s | havineas
(Argonne and Oak Ridge) | RAPRRTETLL )

' \\u\.m\m\lt:‘;;'u‘;
The neutrons are slowed to useful energies o ‘

5 . > s L L
and are guided into the various instruments, '-t"'“."\\““.'ll,l\‘\\\-|‘||n.
where they are used for scientific experiments et
and industrial development. TSR

W
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SNS : Main parameters

Spallation Neutron Source Primary Parameters

Proton beam power on target

Proton beam kinetic energy on target
Average beam current on target
Pulse repetition rate

Protons per pulse on target

Charge per pulse on target

Energy per pulse on target

Proton pulse length on target

lon type (Front end, Linac, HEBT)
Average inac macropuise H- current
Linac beam macropulse duty factor
Front end length

Linac length

HEBT length

Ring circumference

RTBT lenath

1.4 MW
1.0 GeV
1.4 mA
60 Hz
1.5x10"" protons
24 uC
24 kJ
695 ns
H minus
26 mA
6 %
75m
331 m
170 m
248 m
150 m

RTBT length

lon type (Ring, RTBT, Target)
Ring filling time

Ring revolution frequency
Number of injected turns

Ring filling fraction

Ring extraction beam gap
Maximum uncontrolled beam loss
Target material

Number of ambient / cold moderators
Number of neutron beam shutters
Initial number of instruments

150 m
proton
1.0ms
1.058 MHz
1060
68 %
250 ns
1 W/m
Hg
113
18
5
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SNS : Main parameters

SNS Beam

Evolution Parameters

Front End Linac Ring

ISILEBT RFQ MEBT DTL CCL SCL(1) SCL(2) HEBT Ring RTET  Unit
Qutput Energy 0065 25 2.5 86.8 1856 3914 1000 1000 1000 1000 MeV
Relativistic factor 0.0118 00728 00728 04026 05503 07084 0875 0.875 0.875 0.875
Relativistic factor 1.00007 1.0027 1.0027 1.0924 11977 1.4167 2066 2.066 2.066 2.066
Peak current 47 38 38 38 38 38 38 38 ox10* ax10"  mA
Minimum horizontal acceptance ® 250 38 19 57 50 26 480 480 Tmm mr
Output H emittance (unnorm., rms) 17 29 3.7 0.75 0.59 0.41 0.23 0.26 24 24 MmTm mr
Minimum vertical acceptance® 51 42 18 55 39 26 480 400 Tmm mr
Qutput V emittance (unnorm., rms) 17 29 37 0.75 059 041 0.23 0.26 24 24 mmm mr
Minimum longitudinal acceptance 4.7E-05 24E-05 74E-05 7.2E-05 1.8E-04 19/ Vs
Output longitudinal rms emittance 76E-O7 1.0E-06 1.2E-06 14E-06 1.7E-06 2 3E-06 2! me\'s
Controlled beam loss; expected 0.05" N/A 0.2° N/A NIA N/A MN/A 5¢ g2° 58° KW
Uncontrolled beam loss; expected 70 100" 2 1 1 0.2 0.2 =1 1 =1 Wim
Qutput H emittance (norm., rms) 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 mm mr
Qutput V emittance (norm., rms) 0.2 D21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 Tmm mr

Mote a) corresponding to 27% chopped beam

b) corresponding to 5% chopped baam

c) beam loss on the transverse and momentum collimators

d} including total 4% of beam escaping foil and 0.2% beam loss on collimators
&) including 4% beam scattered on the target window

f) corresponding to 20% beam loss averaged over RFQ length

g) full acceptance without collimation

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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SNS : Planning

Commissioning of the accelerator at low power (10 kW) achieved
o) in May 2006. Next phase is the power ramping up to 1. 4 MW.
Present status is around 1 MW
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SNS : aerial views

End 1999

End 2000
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SNS : aerial views
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SNS : Linac pictures
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SNS : Linac pictures : SC cryomodules

Stiffening Rings

Titanium Bellows

X

X — , NbTi Dished

o _Head
== '
Field e '~ Y Y Y o o HOM
Probe S - — —— - — . g Couphr

-»-:" ,' L KS n& iKS nﬁ u& b - A
= Y EERSN =
= =

Fundamental
Power Coupler

[ 2 - Phase Retumn Header

NbTi Dished
Head

HOM
Coupler

{
/

Medium Beta Cavity
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SNS : Design vs achieved parameters (oct. 2009)

1600
—=— Projected Beam Power Ramp up
1400 a
A Revised Beam Power Capability WA 4.‘r‘ u
-
1200 A—t‘é—ﬁ - |
S A
= 1000 _:.A.l-‘ — m
@ A - ‘ |
3 ate -' ||l
g 800 S |
o A n ol |
€ 4 ‘='- = | | | | |
8 600 “i— - B
@ = - r T
- - 400 A w [ | | |
Parameters Design Highest - ow | i , ]
Produc- o f . Ll
. ' A ~ I l | | | | |
tion Beam 200 A 'p‘ | = - ] | [
Beam Energy (GeV) 1.0 093 + I.A‘ R R | | | * S
0.01 0 : il — - — SIS —
Peak Beﬂﬂl current (l:llA) 38 40 Oct. 06 Oct. 07 Oct. 08 Oct. 09 Oct. 10
Average Beam Current | 20 24
(mA)
Beam Pulse Length (ms) 1000 670
Repetition Rate (Hz) 60 60
Beam Power on Target | 1440 1.01
(MW)
Linac Beam Duty Factor | 0 4.0
(%)
Beam intensity on Target | 1.5 x 10" | 1x10"
(protons per pulse)
SCL Cavities in Service 31 30
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SNS : Design vs achieved parameters

SNS Linac : Achieved accelerating gradients in SC cavities

25

Medium beta High beta

20

:
Y
L]
i
5
CM12; under repair
0 P
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIwIIIIIIIIIIIIIIIIIIIIIIIIII
i Vi > o L L K e Yo a (wt O 2 il ] (a3 O ah
2?2 o W @ P AT @ R P @ R P PP O e P

Cavity number

----- Design gradient O Large fundamental power through HOM coupler

Average Operating gradient
(exclude cavities not in service)

Future : finish commissioning up to 1.4 MW.
Upgrades plans: beam power upgrade to 3 MW with increasing beam energy from 1.0 GeV to

1.3 GeV (adding 9 additional high-beta cryomodules) and by increasing beam current from 38
mA to 59 mA.
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EUROPEAN
A SPALLATION
- SOURCE

ESS : European Spallation Source
(Lund, Sweden)

(Under construction)

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Effective thermal neutron flux n/cm?2-

[—
o
N
(=]

—_—
o
[

10|O

105 '
350 mCi e Steady State Sources
Ra-Be source
® Pulsed Sources
1 b & Chadwick i

ESS : the European Spallation Source

Evolution of the performance of neutron

sources ESS

HFIR

Berkeley 37-inch cyclotron

HFER

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986
o o -~
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ESS : the European Spallation Source
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ESS : the European Spallation Source

————
VR
- S

" 2l J-PARC ToKair: -
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/ nations commi

Cash contributions
from Sweden, Denmar
and Norway :
50% of construction ano

uaion cost; 1843 M€
1 cost: 140 M€
ssioningi@st: 177 M€

- A

-
\ -

peopl
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ESS : the European Spallation Source

ESS Linac: Hig hPower Proton Accelerator: 5 MW of beam power
- Protons (H+), 2,0 GeV
- Pulse 2.86 ms, 62 mA
- Rep. rate.: 14 Hz
-> duty cycle 4 % (125 MW peak)
- Low loss
- High reliability > 95%
- Modular design to allow future upgrade

¥ , 1sLanoe

>./
%,

?ITALIE % '_»u
\r A ; S
e
»,
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\,1 Méditer




ESS : the European Spallation Source

Optimus

~ s 352 2 | MHz e -~ 70442 MHz sl

«24m—> €«45m=> €36m> €40m> <€« 54m-> €« 75m —> <« 174m —>
SV IREE Medium B HEBT & Contingency Target

75 keV 3.6 MeV 90 MeV 220 MeV 570 MeV 2000 MeV

Total number Cavity # Cavity per  # Cavity Cryomodule Section

Section Cavity B

of Modules frequency module per section length length
Spoke 0.50 13 352 MHz 2 26 ~29m 54 m
Medium-beta 0.67 9 704 MHz 4 36 ~6.7m 75m
High-beta 0.92 21 704 MHz 4 84 ~6.7m 174 m
Total 43 146 ~300 m

= This architecture is mainly an evolution of the SNS linac with less critical
subsystems: H- source, fast chopping, Pils RFQ, ring injection.

= Main innovation (risk?): Spoke Resonators are used to enhance the flexibility
and the accelerating efficiency at medium energy.

= More robust than 2003 design: lower peak current for the same power (higher
energy) without any extra length (power coupler limitation) and no funnelling.

leN Sebastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 5“

NSTTUN D PAYSIQUE NUCLEARE




ESS : the European Spallation Source

2025

Construction work
starts on the site

ESS starts
user program

P = = =
<o ~ N
R vy > ¥

201
First neutrons on
2012 ; instruments (linac @
ESS Design Update - 570 MeV)
phase complete & e :

2009

Decision: ESS will
be built in Lund

2003 .
First European design

effort of ESS completed




ESS : the European Spallation Source

Status (February 2016): linac tunnel
close to completion, target building
preparation almost completed (pillars...)
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ESS : the European Spallation Source
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Spoke cryomodule

......

NSTITLIT DE PHYSIQUE NUCLEAIRE

y
.........

 4iPN

\NSIITUT BE PHYSIQUE NUCLEAIRE

ORSAY

.\ EUROPEAN
SPALLATION
SOURCE

All the linac sub-systems are currently
in the prototyping phase

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016




ESS : the European Spallation Source

Spoke
SRF Cavities r

* Double spoke cavity (3-gaps), 352.2 MHz, 3=0.50
* Goal: Eacc =9 MV/m [Bp= 62 mT; Ep = 39 MV/m]
* 4.2 mm (nominal) Niobium thickness

* Titanium Helium tank and stiffeners
* Lorentz detuning coeff. : ~-5.5 Hz/(MV/m)?
* Tuning sentivity Af/Az = 130 kHz/mm

‘ Cold Tuning System

* Slow tuning (stepper motor):

Max stroke: ~ 1.3 mm

Power COU pler "f - \ ' Tuning range: ~ 170 kHz
* Ceramic disk, 100 mm diameter >)’i
* 400 kW peak power (335 kW nominal)

) . \
* Antenna & window water cooling

¢ Outer conductor cooled with SHe — '
* Doorknob transition from coaxial

Tuning resolution: 1.1 Hz

* Fast tuning (piezo-actuator):
Applied voltage up to +/- 120V
Tuning range at 2K: 675 Hz (min)

d‘PN Sébastien Bousson High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 57 - '
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ESS : the European Spallation Source

SOURCE

J‘ PN ESS Double-Spoke prototype cavities a EuropERY

IN2P3

i T ZA-01 Romea, ZA-02 Giulietta & SD-01 Germaine

1.0E+11
H ZA-01 Romea (Jun15)

B ZA-02 Giulietta (Feb16)

T =2K B SD-01 Germaine (Mar15)
W e g -——-isoP =2 W (4% DC
l ‘. | Ld . ( o )
HE m

. .

]
1.0E+10

Q,

e 5
Q’ /2

Glulletta . Germaine l

1.0E+08 -
6 7 8 9 10 12 13 14 15 16 17

Eacc (MV/m)
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High Power Proton Accelerator for Radiactive
Ton Beam Production

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Nuclear studies with Radiactive Ion Beams

nuclear astrophysics studies the nuclear reactions which

1wl happen in stars
€ the reactions give rise to the energy production and
.§ 1011y make the chemical elements, “isotopic abundance", our
5 F world is made of
2 1o the left figure shows, e.g. the abundance produced in
5t the r-process, believed to happen when supernovae
ng?-: explode (black = measured abundance)
- e yuid ] nova Cygni 1992

j [1 ] PR Loaaas g Laauaay IR [TETETTE Ly

120 140 160 180 200
Mass Number A

the rapid proton (rp) and neutron (r) cap

ture generate very short-lived nuclei

the nuclear structure properties of these
nuclei are often unknown. I\

yet their masses, decay-properties, re-
action cross sections critically determine
the isotopic abundance (in the figure,
note the difference between normal and
quenched shell structure)

this is a very important Ehysics goal for
accelerators, like GANIL-SPIRAL,GSI..
or the future projects RIA or EURISOL

the high-intensity EURISOL accelerator B e e
has remarkably similar specifications as neutron number

supernova 1987A

neutron stars

proton number

d‘PN Sebastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 60 -

TR B PAYSIOLE
ORSAY




Intensity of secondary radioactive beams

|:GXCI)X N x €1 x €2x €3x €4 x €5

o : Cross-section, @ : primary-beam intensity,
N: target thickness,

el: product release and transfer efficiency
g2:. lon-source efficiency,

e3: efficiency due to radioactive decay losses
ed: the efficiency of the spectrometer

€d: the post-acceleration efficiency

® x N=Luminosity

7

\

e
/R
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SPIRAL-2 : Radioactive ion beam production
GANIL, Caen, France

(under construction)

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Spiral -

SPIRAL Il Project:

13 French Laboratories
International Collaborations

135 M€ total cost (inc. manpower)

Project approved in May 2005
Construction phase close to
completion

First beam (injector) in 2014

First beam at the end of the linac expected for end 2016

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016




SP2 beam time : 44 weeksly
ISOL RIB beams : 28-33 weeksly

SP2 users : 400-500/y
GANIL+SP2 Users : 700-800/y

CIME cyclotron

E<25 A.MeV - Rl Beam
DESIR Facility

Low energy RIB

P3

S3: Super
Separator
Spectrometer

HRS and RFQ cooler

/

/ RIB production cave : up to 1014 fiss./s

SC LINAC : 33MeV p, 40MeV d, 14.5MeV HI

Alg = 2 source
p, d, 3*He, 5GmA

Alg = 3 HI source

Neutrons For
Science

=

Alg = 6 injector option w. " Up to 1mA




Spiral - 2 : accessible elements

Spirall. # Regions of the Chart of Nuclei Accessible

with SPIRAL 2 Beams
=vlight beams ()

—>heavyions [}
<RIB induced reactions (] 126 &
¥ SHE

Production of radioactive beams/targets: |
(n,a), (p,n) etc.

N=Z Isol+In-flight
~ —
Transfermiums
In-flight
(2
Fusion reaction
with n-rich beams

Fission products (with converter)
FISSIOH products (without converter)

Deep Inelastic Reactions with RIB
High Intensity Light RIB

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Spiral - 2 : the accelerator baseline configuration

| max = 1 mA

Heavy lons
Experimental Area

0.75 Me'v'jn

ESSU?E?';:‘;"lm
,{ RFQ 88 MHz (g/A=1/3) ﬁ QWR 88 MHz (beta=0. U?]J:{-WR 88 MHz [beta =0.12) Beam Stan
| . 20 MeV/h /;dm T

{ Eggwﬁgr;;gﬂ}{ RFQ 88 MHz WA=1,«“EJ} .S‘EEEEEZ 185 e/ Production Area

(optional upgrade) /ra /
drwer accelerator

Total length: 65 m (without HE lines)
Particles pt | D* Ions D+ : ECR ion source

Q/A 1 [1/2 ] 1/3 | 1/6 Heavy Ions : ECR Ion Source
I (MA) max 5 5 1 1 Slow and Fast Chopper

RFQ (1/1, 1/2, 1/3) & 3 re-bunchers
Wy min. (Mev/A) | 2 2 2 2

12 QWR beta 0.07 (12 cryomodules)

W, max. (Mev/A) | 33 | 20 | 14.5| 8.5 14 (+2) QWR beta 0.12 (7+1 cryomodules)

1 kW Helium Liquifier (4.2 K)

165 | 200 | 44 48 Ro<_)m Temperature .Q.-poles
power (KW) Solid State RF amplifiers (10 & 20 KW)

CW max. beam

6.5 MV/m max &, = V,./(B,,A) with Vy.=/ Ez)ev%dt.
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Spiral - 2 Linac : schematic view

Cryostats Quadrupoles
0 10m 20m 30m 40 m 50m
I I I % I !
| Sources+LEBT  |RFQ 88MHz! MEBT ;| QWR 88MHz B=0.07 ’ QWR 88 MHz B=0.12 ’]
Wt s S 10 LI |
¥ RFQ | ok Chaatly
H 0.75 MeV/u
,I B=0.04
z>'\ source D+
ion sources l
(1/3,1/6)
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Spiral - 2 : final site appearance
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Spiral - 2 Linac : High beta SC cavities

Frequency [MHZz] 88.05 QWR 88 MHZ SC CGViTieS
beta'optimal 0.12 P

Epk/Eacc 5.56 j N

Bok/Eacc [MT/MV/mM] 10.18

r/Q [ 518

Vaee @t 6.5 MV/m & b, 2.65

[MV]

G [Q] 38

Beam ¢ [mm] 38

Cavity ext. ¢ [mm] 380 .
Qext 1.2 10° +° o

H-Field

!

]

]
!
i
)
!
!

JJJJJ

i
i
i
i
i

i
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Spiral - 2 Linac : High beta SC cryomodule

Vacuum

Cnyogenic
vessel

tubing port

Cryostat
helium buffer

" mechanical

Resonator + + Piezo

helium vessel
Beam tube ;
valve
Beam axis
Ap—
i R S | Thermal
Cryogenic . = elih
tubes (Y ety

Power
couplers ports

4PN
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SPIRAL-2 : high energy section cryomodule
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QWR B, beta 0.12 d‘PN

Vertical test results - T=4.2K  —

A MBO1 Gilia (baking)

@ MBO2 Erentrude (baking)

W MBO3 Verena (baking)

# MBO4 Colette (baking)

A MBOS5 Sylvana (baking)
MBOE Richardine (baking)

B MBO7 Pezenne (baking)

& MBOE& Ursula (baking)

A MBO9 Thelma (baking)

© MBL0 Praxede (baking)

B MB11 Daniela (baking)

A MB12 Ghislie (baking)

A MB13 Sybille (baking)
MB14 Bienvenue (baking)
B MB15 Maeva (baking)
# MB16 Bedachonne (baking)

Eacc (MV/m)

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016




= QWR A (B=0.07) Sprai2
Low B i

| — JOW Losses
| W AZ-L
AZ.2
= AS-3
A4
e AT G
AS-T
e AZ-R
| & ASS
e > ® AZ-10
‘.' s = AS 11
o " | » AZ-12
f‘, ‘_. = AS-13{H seat)

1,0E+08

0 2 4 6 8 10 12
Eacc [MV/m]
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SPIRAL-2 : Linac tunnel pictures

‘,‘.ﬂ' u ﬂll. .:,..»J»—ﬂ' Lo
[ TIET T Y Jroys e
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Linac tunnel pictures

SPTRAL-2

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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SPIRAL-2 : Linac tunnel pictures

dépasser les frontiéres

ode Physique N,
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EURISOL : Radioactive ion beam production
(Project phase - site not yet chosen)

Under Design Study

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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EURISOL PROJECT

EURISOL is the « next step after Spiral-2 » - Today, it's an
European Research Program for a design study of a 5 MW
radioactive ion beam production facility.

1 GeV proton, 5 mA, 5 MW total power
Capabilities to accelerate also Deuterons and He3

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 80 -
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EURISOL PROJECT

H-

HWRs = 3 spoke ISCL Elliptical ISCL Elliptical 1scL | IEnerator P
RFQ 176MHz -spoke iptical iptical /farget

176 338 MHz 704 MHz 704 MHz
One of several

target stations

100 B=0.09, =019 B=03 B=0.47 B =0.65 B=0.78 I
keV .
1 GeV/q —— 1+1ion
1.5 MeV/u 60 MeV/q 140 MeV/q H-, H+, source
H+, D+, >200 MeV/q SHe++
He++ = i
D+, Afg=2 Low-resolutio
lon mass-selector \
sources - -
A possible schematic
High-resolution mass-
IayOUt selectors
for a EURISOL facility =_ —
Secondary To low-
target Spoke 8 HWRs 3QWRs QWR \
ISCL ISCL ISCL ISCL Bunching
264 MHz 176 MHz 88 MHz 88MHz RFQ Charge-breeder

RFQs

To low-E areas
—

B=0.14 B=0.065

2-150 MeV/u 9.3- 62.5 MeV/u 2.1-19.9 MeV/u
G (for Sn-132)

To 1 1
EUF SOL
area To medium-energy experimental areas
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EURISOL PROJECT : extended capabilities of the driver

Cost comparison

Option beams in operation length, | extras required cost Acost
m M€

#1 1 GeV p, 4 MW or 100 kW 203 199 +0 %
proton only
#2 1 GeV p, 4 MW or 100 kW 203 176 MHz RFQ 199 +0 %
p+100 MeV d | or 100 MeV d, 50 kW instead of 352
#3a 1 GeV p, 4 MW or 100 kW 218 as #2 + low-p to 211 +6 %
p + 250 MeV d | or 200 MeV d, 125 kW 140 MeV
#3b 1 GeV p, 4 MW or 100 kW 223 as #2 + more 220 +11 %
p+ 3He or 2 GeV 3He** , 4 MW p=0.47 cavities
#4 1 GeV p, 4 MW or 100 kW 231 as #3a + #3b 230 +16 %
p+ SHe+d or 200 MeVv d , 100 kW

or 2 GeV 3He** , 2 MW
#5 1 GeV p, 1x 4 MW and 3x100 kW | 231 H- injector+ +3% +19 %
p+ 3He+d or 200 MeV d 125 kW 4 stripping stations

+ multi-user p

or 2 GeV 3He*t, 2 MW

Il ASIOUE MUCLEARE

ST D PAYSIOLE
ORSAY
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EURISOL : Low energy section : SARAF Scheme (Israel)

Linac Length:
~32 m

3nd— 9oth cryostats
7x8 SC HWR
B,=0.15

1st, 2ndcryostat

2x6 SC HWR,
B,=0.09

176 MHz RFQ
1.5 MeV/u Alg=2
3.8m

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 83 -
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EURISOL : Intermediate energy section : Spoke cavities

60+140 MeV/q, 1<A/q=2

superconducting Triple-SPOKE cavities 3=0.3
E..= 60 MeV/q

E..~140 MeV/q
length ~30 m

IPNO cryostat desig
for SPOKE

3-spoke resonators

ANL 3-Spoke cavity

cryomodule
schematic
‘Lmagél;dia.é l:'V_E"“ < Leav > < Liniercav : <Ltran§'
L3OOK ) L4K ’

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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EURISOL : High energy section : Elliptical cavities

140+250 MeV/q, 1<A/q=<2
250+1000 MeV/qg, 1<A/g<1.5

superconducting elliptical
cavities

f=0.47, 0.65, 0.78
E..= 140 MeV/q

E,,.~1000 MeV/q \
section IlI+IV length ~160 m B

= 0.65, 704 MHz elliptical cavity

=

I Iy 5[{ n—m_l % schematic of the
20 0 2 K \VAVAVAYAY %G::GGC; E:}GOGG; / p=0.47

O o b,
1
25 25
Toav = 105 cryomodule
Luop = 435 4>

Lrar = 565 <

vy

<
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EURISOL : Beam delivery to target

High energy beam splitters

« magnetic stripping at 1 GeV of a small part of the H- beam to HY
» Dbending of H- with a magnetic dipole

 stripping of H° to H* by means of a stripper foil

» H-totarget 1 and H* to target 2(3,4).

« The spilled beam intensity can be controlled by adjusting the field strength
of the magnetic stripper.

To 5 MW target

L=5-20 mm
H- beam i H
from Linac ) D

W ! To 100 kW target
1T  Bending }!’

Magnets
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EURISOL : magnetic stripping

Magnetic stripping probability

H — H°

E= 1000 MeV

S
/)

— L=5 mm
—L=20 mm

[N

o
©

R

o
o

1 Tesla / /

o©
iy

o
fe))

— L=5mm / /

— L=20 mm / /

o o
(6]

Stripping probability
I

o
w

]/

o
(N}

o
-

o
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H™ energy (MeV)
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EURISOL : Beam delivery to target

1 GeV Extraction possible scheme

3 splitting stations

*4 simultaneous users of proton beams: 100 KW H+
1 x4 MW line
*3 x 100 kW line
*1 line specialized for 2 GeV, 3He** 4 MW H-
(to be used alone)
> 100 kW H+
B stripper
0 ! \
2 .
3 foll 100 KW H+

stripper

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 88 -
ORS.AI#’-@NJU[L‘HE




Spoke cavities prototypes developments

Horizontal cryostat
Adapted to spoke cavities for 4K and 2K tests

Cryogenic f O\ sy

d Id box
b, /co 0

Spoke resonators

Two prototypes @ 352 MHz
(B 0.15 and B 0.35)
fabricated and tested.

Cold tuning,
system

leN Sebastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Triple spoke cavity for Eurisol

» Optimization of the beta 0.30, 352 MHz, 3-spoke cavity geometry
= minimize the Epk/Ea & Bpk/Ea ratios

- Full 3D model, 13 main parameters, more than 300 models

Corps cylindrique Flasque

réentrante

Flasque
réentrante

faisceau

“Simple” geometry —’—Q—ﬁ T |
} ' ‘. Optimized geometry

Aurélien Ponton, Guillaume Olry

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 90 -
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Triple spoke cavity for Eurisol

« Example: optimization of the spoke bars

-
-l

ﬂ T 5 1'mm=11l]mm
;i 51 Eg 13+
50 70 rlQ:‘g [rr1|r11? 130 150 50 7o r?::‘g [n:rll[; 130 150
Design goals Results
E Epi
pk < 5 P =412
Eaee — Eace
pk . Bpﬁf
< 10mT/(MV /m). = 9.05mT /( MV /m)

'EI'?I:"':

Racetrack shape

!‘PNM Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Cold tuning systems for Spoke cavities

W

Spoke cavuty
(helium tank) |

. Piezoelectric
actuators

. " ¢
- \ -}
Cold tuning system

(copper braid for cooling)
s

CMO Cryaostat \ ‘
(80K shield)

A al
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Integrated tests

4 CO

upler

S 98

Tuning system . RF amplifier

Jll_l‘ _I _15;- (59 | AN T}

Digital LLRF
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High Power Proton Accelerator for Nuclear
Waste Transmutation
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Energy & CO2 Production in France,
Scenarii for the long-term future:

Massive Use of Nuclear & Renewable Energy can stabilize CO, Generation !

Mtoe coO Mt CO Oil / gas
2 s Source : IIASA/ WEC 0% » 100%
2501 EMISSIONS 609

2001 [ 550 20% 80%

ENERGY [ 500

1501 A
CONSUMPTION 6%
- 450
1001
- 400 60
501
NUCLEAR ENERGY r 350
GENERATION 80% /
T & 60 0 6 & T o o o & T 6w o0
N I N I 0O @ 0 0O O O O O O O O
(e)) (@)} (o)} (@] (0)) (o)} (@] (@] (@] (@] (@] (o)} (@] (o)) (@] o /
i — i — — i — — i — — — — — — N 100:% " o |:_‘|l..‘-1
036 80% 100%
- electric cars with Coal Renewables / nuclear

fuel cells using

hydrogen generated
by nuclear power are today a - another future problem is the
realistic perspective to fight huge energy need for making
pollution an global warming drinkable water (desalination)
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Total cost of 1 kWh depending on the production process

Total Costs of Current Average Technologies
(Germany)

LI External GHG (max)
LI External GHG (min)
M External w/io GHG
M Internal

Total Costs (Euro cents / kWh)
R . =
]
B
I |
|
|

D I I T T T T T I
=@ '1’} {ﬁh > ":'..:'E“ @ -{xb Ao
& AR
¥ B & & & A
> o3 A 1O
N & 8]
© o 3 SN
AN Q

Source! Hirschberg ef al., November 2003
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Cumulated emission for several electricity production process

130%

120%-
From A. VoB (Univ. Stuttgart) t

110% + www.ilk-online.org/public/de/symposium.htm
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kumulierte Emissionen relativ zu Braunkohle
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Abbildung 1: Kumulierte Emissionen von Stromerzeugungssystemen
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The Nuclear Waste Issue : some selected facts

* Nuclear Energy is (presently) important in Europe (e.g. EU "Green Paper")

145 operating reactors (127 6W,)) produce 850 TWh/y = 35% of EU electricity

A 1 GW,, reactor produces 1000 tons of waste in 30 years

n.b. the world has 330 (1 GW equivalent) reactors, producing 6% of the electricity

- Europe has mastery of the entire nuclear fuel cycle, with the exception of
waste management
> ‘“for this reason focusing on waste management has to be continued" (European
Commissions Green Paper)

* Nuclear Waste from present LWR's (Light Water Reactors)

is highly radiotoxic (108 Sv/ton)

at the end of nuclear deployment about 3x10!3Sv (0.3 Mio tons), compare to
radiation workers limiting dose (EU Directive: < 20 mSv)

the initial (uranium) radiotoxicity level is only reached after more than 1 Mio years

* Geologic time storage of spent fuel is heavily debated

> leakage in the biosphere ?

> expensive (1000 €/kg), sites? (Yucca mountain would hold 0.07 Mio tons)
> public opposition

* Long term Energy Concerns
availability of oil, gas, coal (and uranium!)
global warming induced by fossile fuels
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Transmutation of nuclear waste: Why & How

Probability of Fission/Neutron absorbed

September 25, 2000
. LWR

Note: 1
thermal ]
fission 0.9 5
resilient 081 =
ﬁlements. o7 b ]
0.6 4
0.5 1
04 - B
Thermal neutrons,
— ] -
0.2
Fast neutrons
0.1
Figure from C.Rubbia, =
OECD seminar, Paris, T T
EE

* 99.995% of the > 500 years

lasting radiotoxic isotopes are
concentrated in a few elements
representing 1% of the spent
fuel (300 kg/y/ 16W,, reactor)

- most of these are resilient to

further burning in a LWR
— full fransmution needs
fast neutrons

- fast breeder reactors like

"SUPERPHENIX" 2?2?22

Alternative: use, for higher flexibility, safety and efficiency, (very) fast neutrons,
produced by an accelerator, in combination with a subcritical reactor !
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European Transmutation Demonstration

1. XT-ADS (ADS prototype) 7 2. EFIT (Industrial Transmuter)
- Goals: ?1 Goals:

- Demonstrate the concept
(coupling between accelerator, Fo

- Maximise the transmutation
efficiency

A : N e Easiness of operation and
- Demonstrate the transm ;: ( maintenance

- Provide an |rrad|at|<:ﬁ‘r‘ ».|I|ty - High level of availability for a
en cost-effective transmutation
- Features >\’ - Features.
- 50-100 MW Jov - Several 100 MWth power
- Keff a ' - Keffaround 0.97

4} - 800 MeV, 20 mA proton beam

,-' 50 MeV 5 MA) 4 Minor Actinide fuel

L4

- Lead Bismuth Eutectic coolant solution)
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Accelerator for an ADS : main specifications

Table 1 — XT-ADS

High-power proton CW beams

nd EFIT proton beam general specifications

XT-ADS

Maximum beam intensity

25-4mA

EFIT

20 mA

Proton energy

600 MeV

800 MeV

Beam entry

Vertically f

Beam trip number

rom above

< 20 per year (exceeding 1 second)

< 3 per year (exceeding 1 second)

Beam stability

Energy: £ 1 %, Intensity: £ 2 %, Size: + 10 %

Beam footprint on target

Circular @ 5 to 10 cm, “donut-shaped”

An area of up to 100 cm? must be “paint-
able” with any arbitrary selectable
intensity profile

Beam time structure

CW, with 200 us zero-current holes every 107 to 1 Hz,
+ pulsed mode capability (repetition rate around 50 Hz)

Extrememely high relia

bility is required 1!
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Most powerful proton accelerators

« Linacs
— LAMPF/LANSCE (~1970)
« 800 MeV
1 mA H" average current
» Peak H* current 16.5 mA @ 100 Hz and 625 us pulse length
» NC accelerator
« Cyclotrons
— PSI — separated sector (1974)
 Original design was for 100 uA
* From 72 to 590 MeV
» 1.8 mA average current
« Beam losses at extraction <1 pA
« Plans for further upgrade (new cavities)
« Both linac and cyclotrons were considered as possible ADS drivers

— No fundamental obstacles have been found so far for a linac to deliver ~100 mA at
1 GeV or more

— 1 GeV and few mA are considered as limiting values for a cyclotron (multistage):
possible for the demonstrator, not for the burner

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 103 -
ogs.xl#’-@iuju[li\\lé




"Unusual" Features needed by ADS-class accelerators

* A reactor should not have more than a hundred "scram's" in its life time
> only “"some" accelerator trips per year !l
> a performance gain of 2 -3 orders of magnitude is needed !

* The beam losses in the accelerator should be very
low in order to avoid activation

> max some 10 uSv/h, one hour after shutdown, for hands-on maintenance
> AI/I = 108 - 10-° /m !

gg;i E “““““““ e —— E—————— All the reliability
e - "‘T_____'—_"'L'""ﬂ"ﬂ-.":;_"___'_—1.'— 3 )
2173 e P - ERRREEEEL EESEE R requirements for the
2073 -\Nmem Tt e T RECEEEEEE R .
1973 £-\N@ «-’- ------- bememnmnnnees Jommmmammemeeeas ADS accelerator is
1873 f---\{r----mmmmtmmmmmmmeee : i
S 1773 £---Neoemoeee S ............. MYRRHA hottest pin fuel 1 linked to the need to
~ I\ N SR 7 N centreline temperature . __
E 16?3 ¥ 3 i .d h. h Th l
g 1573 f=-====-Qc---- jeeenencas O e at the fuel zone midplane ----- avol 19 erma
1y I T— VS — / ' T g
8 1373 Foroo Nt /A  (height =0.30m) "7 stresses in the
il - & I . W AN b o —— Lo ——————— d o Lo !
A S . 2 I SO reactor materials to
pee Y e s ATAB00K minimize the fatigue
873 and keep reasonable
0 5 10 15 20 25 . .
e (9 lifetime
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Reliability Example - CEBAF

Lost Time Totals June'97-May'01 Lost Time Totals FY 2001

600

480

RF,Problems

B i PGun3 Valve/RF feedthru failure, Injector instabilities, Injector Setups

240 +

FSD Faults
1 FSD

Klystrons & Tap Change
120 H Magnet Cooling

0 - = B = == —
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S ST TTTFTITILELS & FEITTLT LTI TS LTSS
©® O B Y N NN YN Y Y O o O © N ¥ N O H ¥ VY ¥ YN O O n ¥ O v O
L 58T L 55859994 ol B SN S A S S R S S iy
s &£ < £ § & £ YW QT I X v & e o S T
= T S & L& &5 3 5 9 5 & & 7 [
s o = C g O o g S
o« & U§

Reliability must be improved for ADS applications

The SC linac is modular and allows: overdesign, redundancy and “spare-on-line*
Fast dedicated control electronics is crucial

Beam can stay "on" when the linac is resetting itself to use spere-on line

SC cavity technology proved to be the minor concern

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 105 -




Reliability Example - SNS

Down Time — Pareto Chart for FY09-1 & 2

Hrs. down
|_\
0
o

N
al

[
o
(@)

Pareto, FY09-1 & 2

] _~» HVCM + Electrical Systems

_MEBT

Rebunchers

M 31-May
0 24-May
O 17-May
O 10-May
H 3-May

M 26-Apr
O 19-Apr
O 12-Apr [
B 5-Apr
W 29-Mar |
O 22-Mar
O 15-Mar
O 8-Mar

E FY09-1
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Experimental ADS : reference design

Superconducting linac: Highly modular and upgradeable (same concept for prototype
& industrial scale) ; Excellent potential for reliability ;
High efficiency (optimized operation cost)

SC spoke

cavities: —_— i
350 MHz, SC elliptical cavities: Beam dump

700 MHz, 3 sections

1 section (?)

~ 100 MeV ~ 200 MeV ~ 500 MeV

~ 20 MeV (?) \ /

Independently-phased
Linac Front End Superconducting Section

Spallation target
& sub-critical
core

.,, ﬂn{‘udo“yo”md .

| » l

l
=2
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Realibility guidelines

Beam trips longer than 1 sec are forbidden to avoid thermal stresses & fatigue on the

ADS target, fuel & assembly : less than 5 per 3-month operation cycle (XT-ADS)

Reliability guidelines have been followed during the ADS accelerator design

Strong component design & derating

All components are derated with respect to technological limitations

For every linac main component, a prototype is being designed, built and tested within

the EUROTRANS programme

Inclusion of redundancies in critical areas

Front-end duplication, solid-state RF power amplifiers where possible...

Capability of fault-tolerant operation

Expected in the highly modular superconducting RF linac (from ~20 MeV)

Implies reliable and sophisticated digital RF control systems with preset

set points for implementation

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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Reliability Analysis in PDS-XADS

FP5
CONTRACT N°: FIKW-CT-2001-00179

ISSUE CERTIFICATE

PDS-XADS
Preliminary Design Studies of an Experimental
Accelerator-Driven System

Workpackage N° 3

Identification: N° DEL/03/057 Revision: D

Potential for Reliability Improvement
and Cost Optimization
of Linac and Cyclotron Accelerators

Dissemination level: RE

Issued by: INFN

Reference: INFN/TC_03/9 (July, 23", 2003)
Status: Fnal

Surnmary:

This document identifies the suitable design strategies that have been followed in order to meet the
reliability and availability specifications for the XADS accelerator outtined in Deliverable 1. The
document describes also how these strategies can be applied in the different components of the
XADS accelerator design, and how design iterations can lead to reliability improvements. The
Failure Mode and Effect Analysis (FMEA) methodology has been used on the suggested design for
highlighting the reliability critical arcas. Finally, a first rough cost estimation of the XADS
accelerator is also provided.

®  Assessments using the « Failure Modes

and Effects Analysis » (FMEA) method

ggztienm SS;IS\T\, Reliability Block
’ Diagram (RBD)

ITERATIVE
PROCESS

Failure Modes and Effects

Analysis (FMEA / FMECA) x — _
Fault Tree Analysis (FTA) Reliability studies:

MTBF, MTTR, A, R, etc.

Paolo Pierini, Alex C. Mueller, Bernard Carluec
INFN CNRS Framatome ANP SAS
23/07/2003 ~ /\ .
" N . —
RESPONSIBLE WP LEADER COORDINATOR
DATE Name/Company Name/Company Name/Company
Signature Signature Signature

/ Data sources

(MTBF, MTTR)
Benchmarks based on other experiences

 Reliability engineering is a discipline
for estimating, predicting and
controlling the probability of
occurrence of system faults

WSTITUI O PAYSIOUE NUCLEARE
ORSAY

d‘PN Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016 - 109 -



Reliability Analysis going on in EUROTRANS

Classical linac

Start
Assy: CRYOPLANT Assy: CONTROL SYSTEM Assy: COOLING
N MTBF: 3000, MTBF: 3000, BF_ 3008
Qty: 1 Qty: 1
MCT: 10, hr >

y: SPOKE RF ELEMENT Assy: ELLIPTICAL RF ELEMENT
MTBF: 5700, MTBF: 5700,

ADS linac, optimized for reliability

ssy SPOKE RF ELEMENT
MTBF 5700

System MTBF 31.19 hours System MTBF 757.84 hours
Nb of failures (3 months) 70.23 Nb of failures (3 months) 2.89
Steady State Availability 86.6 % Steady State Availability 99.5 %

Preliminary reliability estimations by P. Pierini, INFN
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The Fault Tolerant Accelerator

Fault-tolerance = ability to loose a RF cavity (or Q-pole) without loosing the beam

Cavity #n 1S faulty

Based on a fast local compensation method, possible thanks to the independently-phased linac

v M
I il en il ow =0

Cavities #n-2, #n-1, #n+1, #n+2 are retuned to recover the nominal beam energy & phase at point M

g : Fial Sl i fofreuned |\ AFacc ok MEX | # retuned quads
faulty zection energy cavities (%) E“(SF'] ar HPover (before + after)
cavity Trans. Long. (before + after) Bl (EL) (%)

i] - Mominal +5% 0% - - - - -

1 SPOAS Mominal +7 % +4 % 0+4 +67 % 19 MVim +67 % 0+4

4 SPO0AS Mominal +9 % + 4 % 3+3 + 46 % 15 MY Jim + 35 % 2+ 4

62 SP0.35 Mominal +6% 0% 2+2 + 26 % 31 MY +28 % 2+ 2

63 SP0.35 Mominal +5% +1% 3+2 + 25 % 31 Myim +27 % 242

95 ELO47 Mominal +6 % 0% 3+2 + 23 % 62 mT + 31 % 3+2

109 ELO.47 Nominal +6 % 0% 3+3 +20 % 60 mT + 28 % q+2
174 ELOE5 Nominal +5 % 0% 3+3 +16 % Zaml + 22 % q+2
175 EL 065 Mominal + 5 % 0 % 3+4 +17 % SamT + 18 % 4+ 2
186 EL 0.85 Mominal +7 % 0% 6+1 +21 % 61 mT +33% 2+ 2
187 EL 0.85 Mominal +6 % 0 % 7+0 + 25 % 63 mT +37 % 2+ 2

Capability of fault-tolerant operation due to the highly modular superconducting RF linac (from

~20 MeV) and due to the availability of reliable and sophisticated digital RF control systems

0T D¢ PHYSIQUE MUCLEARE
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The Fault Tolerant Accelerator

- Two fast failure recovery scenarios (<< 1 sec) have been identified
& checked on the beam dynamics point of view, both based on:

- Fast fault detection
- Fast update and tracking of the field/phase set-points (preset)
- Adequate management of the tuner of the failed cavity

- Requires up to 30% margins on RF fields and powers

- Requires the use of digital LLRF control systems

- Heavy R&D on-going on this topic

Note -> Fault recovery system in real operation at the SNS SC linac (US)
(global compensation method, “high” energies, “slow” retuning)

FPGA
based

DIGITAL
SYSTEM
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ADS : Reliability & Maintenance

The maintenance strategy Is presently under investigation, assuming 3 months of
operation / 1 month of maintenance

PDS-XADS- WP3 Severity Ranking Tables
Deliverable 48 Local effect Effect on beam
Chapter 4 0: No effect 0: Bearn with nominal parameters on targ
4.3.1 H+ source 1: Functionning with reduc{l: Beam with wrong parameters on targe]
2: Loss of function 2: No beam on target
Main Ttems Function| Failure Mode verity rank . Preventive action . . Cu.mtivg actio.n Rem.
local|beam action freq. |time of int.| action |fime of int.
Baron nitride discs Wear 1 1 Replace 6months | 24H |Replace| 24H
Wear 1 2 Regenerate |24 months
Vacuum pumps
Out of order| 2 | 2 - Replace 8H
Power supply filters Getdirty | O | O Clean 3 months | few min
Power supply Aging o o0 Overhaul 24 months|few weeks Use spare while overhauling
Cooling (water): filters, pumps... Wear /dirty| O | O Clean
Plasma electrode Aging 1 1 Replace 12 months|  24H
Magnetron Out of order| 2 | 2 Replace 24 months 2H Replace 2H Replace "before MTBF"
HV power supply Out of order| 2 | 2 QOil changing |24 months 8H Replace 8H
Extraction electrodes Aging 1 1 Replace 24 months|  48H
Security devices :
Water flow controller get dirty cleaning 12 months| 30 min [Replace 2H
Temperature controller Out of order Systematic tests| 12 months| few min [Replace 8H could be doubled
Emergency stop Out of order Systematic tests| 12 months 1H [Replace| 1H
DGPT Out of order Systematic tests| 12 months 1H ([Replace| 8H

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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EUROTRANS: prototyping of accelerator components

Design, fabrication & test of an elliptical module at

nominal power & temperature

- B =0.47 prototype constructed and tested
- Vessel & valve box under construction

- CW RF power coupler just fabricated
- 700 MHz RF 80 kW power source received and operational

Phase
separator

Cold box

connection

10°

CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE

,.‘j g

L] '.l*.*w ‘:l..': ‘..' 2

\/

multipacting barriers

n | n | n L L |
0 2 4 6 8

%k. =...o'.

e 7501 Test #1
= 7502 .
¥ E,=8.5Mvim@Q=10"

start of electron emission

n |
10

n | n L n | n | n
12 14 16 18 20

E, . [MV/m]
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High Power Proton Accelerator as an irradiation
tool for material testing: the IFMIF project
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The IFMIF accelerator

Objective of the IFMIF project: characterization of materials with intense
neutrons flux (10" n/s) for the future Fusion Reactor DEMO (~150 dpa)

Accelerator Test Cell
Deuteron accelerators:

40 MeV 250 mA (10 MW)

exchan
S

1.1 MW 1.8 MW 3.3 MW 5.0 MW
DIPOLE DODECAPOLE OCTUPOLE I I
R R
SOURCE
accelerator
‘ ‘ ‘ | QUADRUPOLE
B SOLENOID RF CAVITY (175 MHz) i
EXTRACTION LEBT RFQ MEBT SC-HWR LINAC HEBT T;;ARGET
IFMIF: 2 ACCELERATORS, EACH ACCELERATING 125 mA CW DEUTERON BEAM TO 40 MeV
| " L " 1 L " 1 L 1 " I f L 1 L 1 L " 1 1 L " 1 | T T S | n L L | n L L 1 1 L 1 L " s " 1 L 1 " | " " L 1 "
0 i 10 i i i 20 ) 30 i 40 50 60 70
ION I BEAM DUMP
SOURCE
| IFMIF-EVEDA
Ennng';;: LEBT RFQ MEBT. SC-HWR LINAC HEBT PrOtOtype Accelerator
EVEDA: 1 ACCELERATOR ACCELERATING 125 mA CW DEUTERON BEAM TO 9 MeV
1 " L n " 1 f I " L | T T S T S T | " " L M 1 L f " " | L " L f

0 10 20 30

Collaboration for Accelerator: CEA (FR), INFN (IT), CIEMAT (SP), SCK-CEN (BE), JAEA (JA)

In the framework of an agreement between Euratom & Government of Japan,
the program IFMIF/EVEDA has been launched in June 2007
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The IFMIF accelerator

Injector

free cormdor for moving elements

EVEDA General layout

Objectives of the SC Drift Tube Linac

e Transport and accelerate a deuton beam of I=125 mA @ 175 MHz, CW,
e Energy from 5 MeV up to 9 MeV for EVEDA Acc. prototype, and up to 40 MeV for IFMIF,
» Good performances in terms of transverse and longitudinal emittances and w/o beam loss

— SC DTL of 4.6 m long, equipped with:

= 8 superconducting Half Wave Resonator (HWR low-f3 = 0.094), working at 4 K, with a moderate
accelerating field ~ 4.5 MV/m max, and an appropriate tuning system (frequency range = 50 kHz)
= 8 RF power couplers, working in TW, and providing to HWRs the RF power of 70 kW per coupler (EVEDA

cryomodule) and 200 kW per coupler for IFMIF cryomodules

= 8 Solenoids Packages, including focusing solenoid, H&V steerers and Beam Position Monitors (BPMs)
= Cryostat: supports, cryogenic distribution, alighment, vacuum, shielding, instrumentation, etc ...

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016
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The IFMIF accelerator
Helium \

phase Acces ‘j
separator

Tuning system

Solenoid package HWR

External RF transition

Outer conductor, Internal

onducto

Sébastien Bousson, High Power Proton Linac, JUAS, Archamps, 11th March 2016

INSTIFUT D PAYSIOLE NUCLEARE
ORSAY



