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Overview of ESS, why neutrons?

* Introduction to ESS
* Why neutrons?
« Historical background of ESS

 Recent design process
— Since Lund site decision

« Latest (cost) optimization round and
current design

— Performance, cost, risk and schedule
optimization

« Energy efficiency and CO2
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The European Spallation Source (ESS) @

ESS is a neutron spallation

source that will be built by a

collaboration of 17 European

countries. &

ESS is located in southern
Sweden adjacent to MAX-IV a

4th generation light source)
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Our nearest neighbor, MAX-IV




ESS today (actually last week) 55‘3‘3%573"
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Helicopter view of ESS

Proton Accelerator
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The ESS Linac @) =

 The European Spallation Source (ESS) will house the most
powerful proton linac ever built.

— Average beam power of 5 MW.

— Peak beam power of 125 MW

— Acceleration to 2 GeV

— Peak proton beam current of 62.5 mA

— Pulse length of 2.86 ms at a rate of 14 Hz (4% duty factor)

* 97% of the acceleration is provided by superconducting

cavities.
* The linac will require over 150 individual high power RF
sources
— with 80% of the RF power sources requiring over 1.1 MW of peak RF
power

— We expect to spend over 200 M€ on the RF system alone



ESS Schedule

* Full funding
and ground-
break in Fall
2014

e 1.25 MW of
proton beam
power by 2019

e 5 MW of
proton beam
power by 2022

ES5 Program
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ESS Cost

Personnel

o
=

Decommissioning. : 346 M€
Capital spend (Prices per 2008-01-01)

™
-

— Investment: 1478 M€ / ~10y
I | Operations: 89 ME/y

100 ¢

ot T
2010 2idi 2033 MAZ Ird 2015 MdE BAY iR Mib 200 31 M3} 2033 2014 MOS0 03T 2004 200 13D

& 3w Comtruction & ¥effOpersion & External Contracts

e Total cost: 1.86 G€
e Accelerator cost:

515 M € - »
(excluding civil l‘
. 20 . ol

construction) < o

Construction phase Operations phase

Investment



1.8 Billion Euros:
Biggest investment in Science ever in Scandinavia?

In modern time, definitely YES!

However, Tycho Brahe's Stjarneborg costed the Danish
king 1% of the state budget in 1580.

“With better measurements of the stars positions and movements | can make
much better horoscopes for you, your majesty!”

11



ESS Funding Model

Sweden, Denmark and Norway
covers 50% of cost

Theremaining &

states cOVETS the rest! with in-kind and cash contributions.



Collaboration/In-kind

* The cost of the next generation of high intensity accelerators
has become so large that no single institution can solely
afford to fund the construction of the project.

* To fund these large projects, institutions have embarked on
forming ambitious collaboration structures with other
laboratories.

— For example, 60% of the European Spallation Source linac will be
funded with in-kind contributions.

 Toinduce other laboratories to join the collaboration
— compromises must be made in the accelerator technical design
— to offer interesting and challenging projects to partner institutions.

 The accelerator system designer must then

— try to balance the cost and technical risks

— while also satisfying the interests and external goals of the partner
laboratories
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Artist's conception of the European Spallation Source.

Rendition: ESS/Team Henning Larsen

European Spallation Source ready to start Funding completed for Lund

construction neutron source

Published: 04 Jul 2014 16:05 GMT+02:00
Updated: 04 Jul 2014 16:05 GMT+02:00

By Tania Rabesandratana 7 July 2014 3:15 pm Comments

Having secured about 97.5% of its construction money from 13 member

countries, the European Spallation Source (ESS) has announced that it wil Ed Share  |W Tweet| Q* Share | &3 reddit
break ground in Lund, Sweden, in the fall—more than a year later than first
53 Erei iz panned. Funding for the European Spallation Source (ESS), the world's
w Follow Gtaniarabes /v a7 thrilled to be able to move ahead,” ESS Director-General Jim Yeck most powerful neutron source, has been completed, Education
said in a statement on Friday. In February 2011, ESS's 17 partner countries Minister Jan Bjorklund announced on Friday. The ESS will be

agreed to work together on the project, but each govemment then had to built in Lund, Sweden
. 3
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Complementarity between X-rays and
Neutrons

* Neutrons and x-rays sensitive to different things
* Neutrons particularly good to see hydrogen,
while x-ray see heavier elements - -

Mn Zr Cs
- 0 0Q
X-rays
@ - 9090

Neutrons




EUROPEAN
SPALLATION

Spallation

Target  ;
station

moderator



~

Operating Spallation Neutron Sources

LANSCE, USA ISIS, UK
1977- 1984-
Linac+ring RCS
800 MeV 800 MeV
17 mAin linac 200 mA extracted
100 kW 160 kW
SINQ, Switzerland SNS, USA
1997- 2006-
Cyclotron Linac+ring
590 MeV 1 GeV
2.2 mA extracted 26 mAin linac
1.3 MW 1.4 MW
‘ J-PARC, Japan

: 2008-
RCS
3 GeV

330 mA extracted
1 MW (planned)
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Planned Spallation Neutron Sources

CSNS, China
2018-

RCS

1.6 GeV

15 mAin linac
100 kKW

ISNS, India
Linac+ring

1 GeV

20-50 mAin linac
1 MW

ESS, Sweden
2019-

Linac

2 GeV

62.5 mA

5 MW
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What is 5 MegaWatts?

At 5 MegaWatts,

— one beam pulse

 has the same energy as
a 16 |Ib (7.2kg) shot
traveling at

— 1100 km/hour
— Mach 0.93

« Has the same energy as
a 1000 kg car traveling
at 96 km/hour

« Happens 14 x per
second

— You boil 1000 kg of
ice in 83 seconds
e Aton of teal!l!
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Road to realizing the world’s

leading facility for research using
neutrons

-

2025

2014

Construction work
starts on the site

ESS starts
user program

2009

Decision: ESS will
be built in Lund

2019 .
First neutronson
instruments

ESS Design Update
phase complete

2003

First European design
effort of ESS completed



Historical Time Line

Neutron . 1992

European Spallation Source workshop

Authors: A. D. Taylor *; G. H. Lander

Affiliation: * Rutherford Appleton Laboratory,

Published In: Nautron News, Volume 3, Issue 2 1892 . page 1
Subjects: Alomic & Nuclear Physics; Parlicle & High Energy Physics

Abstract

A mesting of about 70 expars ir condensed-matter scienca took place in late Fabruary a:
Abingdon, UK, lo discuss lhe scienlilic opporunilies ard lechnological challenges of a new 3rd
generation spa lation source - the so-called European Spallation Source (ESS).

This Workshop 'was, in facl, the third in & series: the first, in Seplember 1991 al Simonskall
near Jilich, considered (he aceeleralor oplivns; e secone in Febrvary 1992, in P31, Villigen,
Switzerland, considered the problems of providing targets and monochromators. The meeting
opened with talks from S. Martin (Jiilich), G. Bauer {PSl) and J. Carpenter (Argonne} on the
acceleraor, target, and moderator options. respectively. Although the prob ems are formidab e
in all areas, there don ot seem o be any insuperzble costacles for building a system witha 5
MW beam of prosors with a snort pulse length of ~1 p dolivered onto two (or more) stationary
targets surrounded by a variety of moderators. The heat load on the target could approach 4
MWAitre, similar to that found in a high-fux reactor, but Bauar pronounced that *it can be
dona.” The neutran praduction of such a scurce would be spectacular, with a paak flux of

187 nfsaciem® and an average flux closa to that of he ILL.

au 2000

s

E1SEVIER Phiysica B 276275 (X000 1644

wn ol s sy

The project “European Spallation Neutron Source (ESS)™
status of R&D programme

R. Wagner®, W. Briiutigam, D. Filges, H. Ullmaicr

Forschungsaonwsn Jilich. D-32425 Ndwok. Germmy

Almtract

At present ihe ESS-Project i in its R&ID phase | 1997- 2001} comprising activities in the areas of accelerator (lnac and
Figsl, Larget station (target, moderatons, reflocton) and instruments. The work is carmod out by 14 Liboeatorics and
wnivenstics in the Furopean Usios and Switzerand and co-ordinated by the ESS R&D Counal. Intense and frustful
collaboratsons with partners in the United States. Japan and Rusas have boen ovtablnbed I thas artick, examples of
typical results of R&D work oa the ESS baac and tanget will be gives. 2000 Elsevier Science BV All rights reserved

Knmords Newtroa sunes

1. Introductios

Afer delivering the ESS Tochmcal Study [1] in
November 199, the project entered the R&D phase with
a plassed duratios of § years

The follonmg 14 European insiitstions contributing
to the ESS R&D activitics have signed a Memorandum
of Understanding (Mol/x

dor O 1

AIUL Austria. Centro de Investigaciones Enerpeticas
(CIEMATL Spais. Comessariat 3 IEncepie Alomigue
CEAL France, Consigho Nanooale delle Ricerche
(ONRL laly, Forxhungarontrum Jolch (FZIL Ger-
many, Hahn-Matner-Insttut (HMIL Germany, Institet
far Angewandte Phywk der Universtst Fraskfun
(APUFL Germany, Interfaculty Reactor Institese (IRIL
Netherhinds, IRC Polymer Scance and Techaology
(EPSRC) United Kinpdom, Istituto Nasionale por la
Finica della Materia (INFML atunctenskaphgs
forskmingsradet (NFRL Sweden. Scherrsr-Imbiut
(PSIL Switzerland. Roe Natosal Laboratory (RISOL
Denmark. Retherford Appleton Laboratorys (RALL
Usited Kingdom.

* Comnpoadng sshor
Eomanl lilress 1\ wagnorir-pach 3¢ (R, Wagner)

The R&D work concentrates on problems which have
boen sdentafied in e tochmical stody as topics where
adudstional results are sooded for the cpmocring devgn
of a pulsed $ MW seutron source with optimus perfor:
mance, efficioncy. availibdity and cost bencfit ratso.

The accrieransr developenent covers high-intensty 1on
sources, funnd design. RFQ's, superconducting cavities.
for the high-cmergy part of the lmac, beam dymamics,
beam losses and halo studex, diagaostic hardware and
cost estimates.

The rescarch in the e arca inclodes matcnals
evelopment. flusd dynamics and structure mechamics,
dovign optimiration and coginecring. advanced cold
moderator roscarch, new moderatoe concepts and rads
aton physcs doe Lo expermental venfication of partxck
transport wmsliton and nevtrons optimeration of the
target-moderator-reflector layout. Most of these topics
are imvestigated in close coliboratices with interna-
onal partners which are lisied in Table 1
For the user imsmuments of ESS. prw concrpes will be
developed asd stubad icluding ey thermal newtron
detection systems, smghe crystal duffractometers. sobad
statc detectons and lage cryatal moacchrosaton. Thest
topscs Bave boen treated in several comtributio his
conlorenae We therefore restrxt the following sectrons to
the arcas of scceker, nd target technology where we
ibwsiraie the status of the ESS R&D programme by
presenting some typical reslts

092145000 3+ saq front matier © 000 Disevier Schonce BV, AR rights seserved

PIL S0921.4526(99)01271.

IMEOTE: 70 LoMG-TERmE
| Fimime amrastaa |
EUIN FECTOCH-EASED SCIZEUE
% Bimaer i

first design
2002-2003

e Fesidier

Wirkirs Gy

European Source
of Science

Design
Report
2013

ESS Ted Dosigu Report

Tinlnzar 506
ein

e site

prsatui
Scandinavia

decision
2009




ESS Linac Evolution

280 MHz 560 MHz
. 2x57mA 114 mA (204 pC / bunch)

DTL

186 MeV

.‘ T Funnel CCDTL TCCU(NC)T ccumc:)T
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‘ 2.5 MeV 20 MeV 100 MeV 252 MeV 1334 MeV
<+ ———r
769 m
H* sources: 325 MHz 650 MHz 1300 MHz SC finac 650 MHz 1.0 Gev
85 mA each 5 cellsicavly 5 MW
2x 75 mA 150 mA 4 cavities/cryomodule 300 kJ/pulse H ~lon Sources :
RFQ oTL (alternative 650 MHz)' &5 mA sach 280 MHz 560 MHz 1120 MHz 5C linac
RF
o BTL s yerma 114 ma 227 iy 560 MHz
o SP.LP
s . s Fumel . 4 25Chyomodules & Bunch rotation & Py =
Funnal
p p ot
75keV 25MeV 20 MeV 100 MV 400 MeV 1Gev 1Gev o 2.5 Mav 20 MeV 100 MaVf 400 MeV 1334 MaV/
262m = 164 m 72 m 7m 90 m b o T R ey e S R Y s e e R e i,
Linac 426 m Beam transfer 169 m 262 m 308 m Te

Totel 595 m

FDSL_2012_10_02

~e s 3522 | MHz s 704,42 MHz sl

«24m—=> <«40m=> <L36m=> <€324m> <«585m> <«IlI39m— «—2279m— <« 159.8 m >

Source Target

75 keV 3 MeV 78 MeV 200 MeV 628 MeV 2500 MeV



The Long Pulse Concept

 Advantage - No compressor ring
required
— No space charge tune shift so peak beam
current can be supplied at almost any
energy Brilliance

— Relaxed constraints on beam emittance t

* This is especially true if the beam expansion
system for the target is based on raster ESS NEUTRON PULSE
scanning of the beam on the target.

— No H- and associated intra-beam stripping

losses "
— Permits the implementation of target raster g
scanning 7
« Disadvantage - Experiment |
requirements “imprint” Linac pulse 0 | 2 3 A
structure

— Duty factor is large for a copper linac

— Puty factor is small for a superconducting
inac
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Neutron spectrometry

distance T

€ >

g time
Note that pulse length, rep rate, chopper position and

Instrument position are linked.




ESS reference suite of instruments

Wide-Angle Spin Echo

Horizontal Reflectometer
Broad-Band High Flux SANS
High-Resolution Spin Echo

. Cold Chopper Spectrometer
. Backscattering Spectrometer

. Materials Science & Engineering Diffractometer
. Thermal Powder Diffractometer

. Thermal Chopper Spectrometer

. Extreme Conditions Instrument

. Single-Crystal Magnetism Diffractometer
. Cold Crystal-Analyzer Spectrometer
. Macromolecular Diffractometer

OVCONOUTAWNF

General-Purpose Polarized SANS
Multi-Purpose Imaging Surface Scattering
Bi-Spectral Powder Diffractometer ' Vertical Reflectometer
Vibrational Spectroscopy Bi-Spectral Chopper Spectrometer

Fundamental & Particle Physics Pulsed Monochromatic Powder Diffractometer

Figure 2.24: Neutron beamline and instrument layout of the reference instrument suite.
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ESS facility
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Site Plan
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Linac layout
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Collaboration During Pre-Construction

4PN t4 o a

INSTITUT DE PHYSIQUE NUCLEAIRE
Seren Pape
Mgller

Sebastien Bousson

ce2 b

CEA - Saclay =

.‘. ;
o I o
e NIVERSITET Roger

Ruber

Anders J
| LUNDS UNIVERSITET  Johansson

The National Center for
Nuclear Research, Swierk

Roger Barlow
P
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http://irfu-i.cea.fr/Page/474/irfu_signaturesac_der.png

lon Source and Normal-Conducting Linac

Prototype proton source operational,

and under further development, in Design exists for ESS RFQ similar to 5 m long
Catania. Output energy 75 keV. IPHI RFQ at Saclay. Energy 75 keV->3.6 MeV.
il ,m,m\
lﬂ = | Q]/ | | ﬂ DTL design work at
ol B — A lglﬁ ol B ESS and in Legnaro,
3.6 ->90 MeV.

Crogpaer

BPM (position and TOF) £ |sEMgrid
Wire scanner | |Bcr
BSM - |siit
Collimator I [Quad

Picture from CERN
Linac4 DTL.

mlall

Design work at ESS Bilbao for MEBT with
instrumentation, chopping and collimation.
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Spoke Cavities and Cryomodules

Superconducting double-spoke Cold tuner, to mechanically _ 3
accelerating cavity, for particles with fine-tune the 352 MHz Cryomodule, holding two cavities at 2
beta = 0.5, energy 90->216 MeV. resonance frequency. K with superfluid helium. Length 2.9

m, diameter 1.3 m.

Cavity design done at IPN,

Power coupler, Single-spoke Orsay, and prototype cavity
the antenna prototype for has been ordered. Niobium
feeding up to EURISOL procured and sent to

300 kW RF manufacturer.

power to the

cavities. Cryomodule design highly

advanced but not complete.

)\
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Elliptical Cavities and Cryomodules

Superconducting five-cell elliptical cavity
(not ESS). Two families, for beta = 0.67,
energy 216->561 MeV and beta = 0.86,
energy 561->2000 MeV.

Medium beta (0,67):
- becells

- Length
1259,40mm

Cavity and cryomodule
design well advanced at
Saclay.

Elliptical Cavities
Cryomodule Technology
Demonstrator, ECCTD, to
be ready 2015.

ESS elliptical cryomodule (not final) with 4 5-cell cavities and 4
power couplers for up to ~1 MW peak RF power.

F \ EUROPEAN
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First cold test result of first ESS
high beta prototype cawty

Measurements done the 22th of May 2014 in vertical cryostat at CEA Saclay
Testing conditions: CW mode

Operating temperature: 2 K

Resonant frequency of 1 mode (measured): 704.292788 MHz

External coupling (measured) : Q, = 6.5%9 + 1°9, Q, = 6.8%12

Parameters used : G =241, R/Q = 435.35Q (atp =0.86), L,.. =0.92 m

1E+11
’ | !

Expected in vertical cryostat

H Neme s g g CIEL Bl — =TT Test limited by RF

LT - amplifier (saturation at 190
,J—."@// W) and high X-ray level

Specification in
cryomodule
I

1.E+10

Quality factor Q0

1.E+09

0 No quench observed

Preliminary results

1.E+08

0 5 10 15 20 25
Accelerating field Eacc (MV/m) @ Beta=0.86

Next plans:

EUROFEAN
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RF Systems

Main features:

- One RF power source (klystron, 10T, ...) per resonator

- Two klystrons per modulator for ellipticals

- Pulsed-cathode klystrons for RFQ, DTL

- Gridded tubes (tetrodes or IOTs) for spokes

- Klystrons for medium-beta ellipticals, and as backup for high-
beta

- Developments with industry for high-power IOTs

SNS klystron gallery

Frequency No. of Max power

(MHz) couplers (kW)

RFQ 352.21 1 900

DTL 352.21 5 2150

Spokes 352.21 26 350

Medium betas 704.42 32 900
High betas 704.42 88 1100 Layout of ESS linac tunnel and klystron gallery
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High-Energy Beam Transport

7Quaarupae doublet
for linac and HEBT

Fast rastering
magnets expands
the beam onto the
proton-beam window
and the 250 mm x 60

mm

beam entrance

window on the target

wheel The HEBT design is a contribution from ISA, Arhus.
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Raster scanning

Centroid
10 x RMS beamlet

56 D64
|
| T T T T ] 1 T 1 T |
220 230 240
Position (m)
ﬂ QP51 QP53 QP54 I JQPS6 QP57 QPS8
E 563 D64
E 0 A ) '
- | : I
-50 i : i
] | |
1
£ 100 T T T ] L l— — I_ I T T T I I T Ll 1 ] I
200 210 220 230 240

Position (m)




¥ [mm)]

y [mm]

-300

Before raster scanning

300

200

100

i
|

OctUpoIe Magnet Léyout

D0 —— ............................................................ .......................... I

'm?FOCUSing — (Lln _ non-lih) ___________________________

300

200 —

100

g PP s Torrienrriarenieno I

Vacuum aperture

..... Mul[i_particle contours: 10'5 - 1[)"l
Linear model: 9 rms :

4444
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ESS Design Parameter Evolutiofi
-- Design Update

May-09 May-10 Sep-10 Oct-10 Sep-11 Dec-11 Oct-12 Nov-13
Pulse length
(ms) 2 2 2 2 2,86 2,86 2,86 2,86
Rep rate (Hz) 20 20 20 20 14 14 14 14
Pulse current
(mA) 50 50 50 50 50 50 50 62,5
Energy Source 0,075 0,075 0,075 0,075 0,075 0,075 0,075 0,075
RFQ 3 3 3 3 3 3 3 3,6
DTL 50 50 50 50 50 50 78 89,8
Spoke 200 200 200 240 188 191 200 216,6
Low B 660 500 500 590 606 653 628 570,5
High B 2500 2500 2500 2500 2500 2500 2500 2000
No Modules DTL 3 3 3 3 3 4 5
Spoke 14 16 15 14 18 16 13
Low B 10 9 10 16 16 15 9
High B 19 14 14 15 14 30 21

Geometric
Beta Spoke 0,35/0,5 0,45 0,54 0,64 0,5 0,46 0,5 0,5

Low B 0,65 0,63 0,67 0,67 0,7 0,7 0,67 0,67

@

High B 0,92 0,75 0,83 0,84 0,9 0,92 0,92 0,86



Cost Drivers (2012)

Management

Accelerator Physics

Medium Beta

Test Stand e

2%

Installation
3%

HEBT
3%

Instrumentation
6%

ESS Cost Distribution as of October 2012

Test Stand RFQ
4% 1%

RF System Cost Distribution

Elliptical cryomodules occupy
19% of the cost

— There are 45 elliptical
cryomodules

The cryogenic plant absorbs
14% of the total cost.

RF systems comprise 37% of
the cost.
— The RF costs are distributed
over five major systems

— The elliptical section
comprises 82% of the RF
system cost.

For the elliptical section,

— the klystrons and
modulators comprise 80% of
the RF system cost.

— 62% of the total cost of the
linac.

— 92% of the acceleration
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New (Optimus) Baseline Layout

Done by a professional: M. Eshraqi

, X{mm)
B o

13 x Spoke cryo-modules
([ [ [ [

g =
HMjsuap ajagued

9 x M3 cryo-modules
- [ I [ [ [ |

Phase @352 | deg)
=l
Kysuap appgaed pazjeuson

21 x HB cryo-modules TR TR &
. (. r..r r r ¢ r r r r ¢ r [ [ [ [ [ [ [ [

Optimus+
e 352 2 | MHz sl —alllmmmen 704,42 MHz -

“24m=> <46m=> 38m=> € 39m=> «56m=> €= 77Tm —=> €& |79m —>

Source LEBT RFQ MEBT DTL Spokes Medium B High B

i { { i { 0

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

HEBT & Contingency
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New Baseline

e New Baseline Headline Parameters

— 5 MW Linac
e 2.0 GeV Energy (30 elliptical cryomodules)
* 62.5 mA beam current
* 4% duty factor (2.86 mS pulse length, 14 Hz)

— First beam by 2019 (1.0 MW at 570 MeV)

 The new baseline was achieved by:
— Increasing beam current by 25%
— Increasing Peak Surface Field by 12%
— Setting High Beta 3, to 0.86
— Adopting maximum voltage profile

— Adopting a uniform lattice cell length in the elliptical section to
permit
 design flexibility
e schedule flexibility.

41
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The peak surface field in the 704 MHz elliptical
superconducting cavities is limited to 40 MV/meter in the

2012 design.
If the limit on the maximum surface field was
— increased by 10% to a value of 44 MV meter,
— three high beta cryomodules could be removed.
10% more RF power would be required by the remaining RF
sources. The cost of the remaining
— modulators will increase by 5%
— klystrons will increase by 1.3%.

However 81% of the cost of the removed cryomodules and
RF systems could be recovered

Providing a cost reduction of almost 3% for the entire linac.
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Increasing the Beam Current

There are a number of “soft” limits on the peak beam current which are difficult to
quantify

— Space charge forces

— Halo, etc.
* Ahard limit on beam current is the peak power in the RF couplers for the
superconducting cavities.

— The current coupler design has been tested to 1200kW

— Due to the lack of test information, it is unknown if the couplers can be pushed harder.

— Asaresult, 1200W in the couplers will be taken as a hard limit

* For a peak surface field of 44 MV/ meter, the beam current can be increased to 63.5
mA and keep the coupler power below 1200kW.

e |fthe beam current was increased to 55 mA and the peak surface field is increased
to 44 MV/m, six high beta cryomodules could be removed.
— 21% more RF power would be required by the remaining RF sources. The cost of the remaining
modulators will increase by 10%
klystrons will increase by 2.7%.
* However 81% of the cost of the removed cryomodules and RF systems could be
recovered

* Providing a cost reduction of almost 5.8% for the entire linac.
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Adjusting the Voltage Profile @)
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Alternative Voltage Profiles

* October 2012 profile
— 60 medium beta cavities
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Choice of Geometrical Beta

 There is experimental
T T T T T evidence that for a given
peak surface field, higher
accelerating gradient that
« 1 can be achieved for higher
=" ] geometrical beta cavities.

—] — For example, the 0.86 cavity
designed for ESS by CEA

* has an accelerating gradient of
17.9 MV/m

_ » for a peak surface field of 40
. MV/meter.

05 l 0,l6 ' 07 ' 08 | 09 ' 1?) — A 092 Cavity
e could have an accelerating
gradient of 18.7 MV/meter

e for a surface field of 40
MV/meter.
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Choice of Geometrical Beta
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For a peak surface field of 44MV/meter
and a beam current of 55 mA.

— therequired energy of the linac is reduced
to 2273 MeV

— the corresponding beam beta becomes
0.956.
For the profile with the geometrical beta
of 0.92,
— 40 medium beta cavities (10 cryomodules)
— 96 high beta cavities (24 cryomodules)
reach an energy of 2295 MeV.
For the profile with the geometrical beta
of 0.86,

— Only 28 medium beta cavities (7
cryomodules) are required.

— However, 112 high beta cavities (28
cryomodules) are needed to reach an
energy of 2333 MeV.

Thus the higher geometrical beta of 0.92
requires one less cryomodule than the
0.86 cavities to achieve a minimum of 5
MW of beam power
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Choice of Geometrical Beta

=-Beta=0.92 Ib=55mA  ~-Beta=0.86 b=55mA  ——Beta=0.86 Ib=61mA * For a peak surface field of 44MV/meter and
1200 a beam current of 55 mA.

— The 0.92 cavities require 1060 kW of peak RF
power

— compared to 960 kW required for the 0.86
cavities.
* Since the coupler design is independent of
geometrical beta,

— itis possible to run 1060 kW of power into the
0.86 cavities

— if the beam current is increased to 62 mA
e Abeam current of 62 mA requires a final
energy of only 2049 MeV for the linac.

— The number of 0.86 high beta cavities can be
reduced to 96 cavities (24 cryomodules).

0 | *  Forthe 0.92 design at 1060kW/coupler
0 %0 40 60 &0 o we ke e 10 IR — 34 elliptical cryomodules are required
i — 10 medium beta and 24 high beta
* For the 0.86 design at 1060kW/coupler

— 31 elliptical cryomodules are required
— 7 medium beta and 24 high beta
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Lattice Cell Length ) o

For the October 2012 baseline design, the cell length along the linac
changes substantially.

— 4.18 meters in the spokes,

— 7.12 meters in the medium beta section with one cryomodule per cell

— 15.19 meters in the high beta section with two cryomodules per cell.

* For a maximized voltage profile, a high beta 3,=0.86, and an
|,=62mA,
— over half the medium beta cryomodules are eliminated
— the beginning of the high beta region is now 520 MeV
e At this energy, the current long high beta cells is too weak at to

provide the desired phase advance per cell of 87 degrees with
reasonable gradients in the quadrupoles.

* Thus a fourth type of cell with one high beta cryomodule per cell
would be needed in this region.
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Uniform Lattice Cell Length >

* Atunnel design with many different cell lengths is very undesirable with the
perspective of considering:
— design contingency
— future upgrades.
* Inthe future, it might be advantageous to interchange
— spoke cryomodules with medium beta cryomodules.
— medium beta cryomodules with high beta cryomodules.
* At the added expense of a longer linac, the new baseline has:
— Spoke cell Length = 0.5 x Medium beta cell length
— Medium beta cell length = High beta cell length
* Auniform cell length provides the possibility that the medium and high beta
cryomodules could be interchangeable and possibly identical.
— 6 cell medium beta cavities that would be close to the same length of the high beta cavities.

— This would reduce the prototyping schedule (and cost) significantly because only one type
cryomodule prototype would need to be constructed.

— Also a 6 cell medium beta cryomodule requires one less high beta cryomodule to achieve 5
MW of beam power

50
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6 Cell Medium Beta Cavities
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Design Contingency @

ESS uses the Long Pulse concept
— No compressor ring is required
— Peak beam current can be supplied at almost any energy
* |f we fail to meet our goals on:
— Beam current
— Cavity gradient
— Power coupler power
* The accelerator complex will still function but at a reduced beam
power
 We can buy back the beam power in the future by adding high beta
cryomodules to the end of the linac
— As long as the additional space is reserved.

 We proposed to mitigate these risks by reserving the tunnel space
for 15 cryomodules (127.5 meters) as “design contingency”.

52



Conventional Facility Costs

The approximate costs for conventional facilities are:
— Tunnel: 22,900 €/m (3270 k€ / m?) including berm, auxiliary costs
— Gallery: 46,200 €/m (2800 k€ / m?)

The cost of accelerator equipment is:
— 6.5 M€ / cryomodule which includes the RF power

— Average cost of superconducting RF accelerator equipment is:
* 790,000 €/m
+ 35x more expensive than tunnel cost
* 11.4x more expensive than total CF cost

— Average beam power cost for the accelerator equipment in a cryomodule
cell is 18kW | M€.
The cost of the 127 meter contingency space without stubs and
gallery is 2.9 M€

— Equivalent to the cost of accelerator equipment needed to supply 0.052
MW of average beam power (1% of 5 MW)
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Responsible — Renewable -
Recyclable

Responsible
Renewable CO,: - 30 000 t.

CO,: -120 000 t.

Recyclable
CO,: - 15000 t.
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Energy Inventory
Spallation Neutron Source at
Oak Ridge National Laboratory
At 1 MW beam from accelerator

Accelerator incl
klystrog gallery

2

!! | RSP0
150 GWh power / ‘\ ”
arget Cryo

Accumulator ring




Energy Inventory
ESS Pan-European Project 2002
5 MW beam on target

Coolling
\

Accelerator incl
klystron gallgry

4

610 GWh power

Target Station

. Q
G
&\‘

580 GWh waste heat




Energy Inventory ESS 2012, 5 MW

Instruments

Accelerator incl
lon Source klystron gallery

_ Target
Cooling Target station Cryo Accelerator
Cryogenics

270 GWh
renewable




High Power IOTs

« AKklystron uses an electron beam to amplify radio
frequency signals

This beam is created as a constant (DC) current, and
then ‘tickled’ by the input signal. This causes the DC

e
L

beam to develop into short bunches, from which the high f =
_\ / %F in power signal can be extracted. I,
_/ L * In an Inductive Output Tube (IOT), the electron beam is ‘ ‘
~ . a directly created with bunches at the right frequency. ®
« This make the IOT much more efficient. @ ¢ /*‘
_/: .:L « |OTs have been used in TV transmission since the . N
N/ 80’s, but have not been available with the power l‘
0 -> level required for ESS.
/| [\ « Seems possible with advances in technology, so
I ESS is investing in developing such high power ot
10Ts. Density Modulation
 Possible energy savings in the order of

Klystron ZOGWthear
Velocity Modulation
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« QOver 80C, heat can
be sold directly to the
district heating
system
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Low temperature heat recycling

* For lower temperature cooling water,
heat pumps can be used to bring
temperature to a sufficient level for
the district heating system.

« But, heat pumps also consume
energy (and produce heat).

* |Investigating applications where
lower temperature water can be
used directly, e.g. heating green
houses and fisheries
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Renewable

« ESS plans to use renewable energy sources




Summary

« ESS is going be built in Lund!
|t will be the worlds most powerful accelerator, and also the first
carbon neutral one.

* The accelerator design has changed many times over during
the process to achieve site and funding decision.

» Optimization of an accelerator is not just about maximising
performance (in some metric), but also about understanding the
boundary conditions (e.g. cost) which may well change along
the process.

* Important to keep flexibility
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= = ES&E‘"OPean Reseamh;rfl'--‘.'"""j_ _
= B e —Infra's’fi"icture Consortium — -

"Operatlons Phase

N o014

.~ ESS AB
”PrOJect F’hase

2010 < il
ESSAB
ﬁ%ﬂ“pdate Phase" ™

2007
ESS Secretariat

SOURCE

; EUROPEAN
SPALLATION




