Short introduction to Energy Recovery Linac (ERL).

* Introduction. The Idea. Rings vs Linac vs ERL
* How an ERL works (by me, an non expert)

* Future projects with ERL

* The project PERLE@Orsay

Material from
Walid Kaabi, Erk Jensen, Oliver Bruning, Max Klein, David Verney...

Many thanks !
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* Introduction. The Idea. Rings vs Linac vs ERL
* How an ERL works (by me, an non expert)

Few pages to introduce the subject !
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Introduction. The Idea. Rings vs Linac vs ERL

08/09/2021

STORAGE
RING

X-Rays

e beam parameters defined by equilibrium
® many user stations

e limited flexibility — multi-pass

* high average beam power (A, multi GeV)

e typically long bunches (20 ps — 200 ps)

LINEAR ACCELERATOR

Source

e beam parameters defined by the source
e l[ow number of user stations

e high flexibility — single pass

e limited average beam power (<< mA)

e possible short bunches (sub psec)
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consideration on Power consomption
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Order of magnitude (700 MHz cavity - 8= 0,65 - 5 cells- 1I0MV/m - ¢=-30° - protons beam 10 mA)

SC cavity (Qq ~ 1019):

"Warm" cavity (Qo ~ 3.10%):

Poean = 6 MeV 10 mA = 60 kW
P-:avih,r =~ 16 W
Ppeam = 60 kW also
P

ity ® 9,5 MW ' « not possible in CW !
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SRF Challenge

Q, versus accelerating voltage:

2min/6min doping recipe
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Ideal performance

o'o Thermal breakdown
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=» impressive progress over the last 10 years!!!

=>» Q, directly linked to required cryogenics power!!

Just to tell you that you need superconductive cavities !
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But even with SFR...Power consomption is a big issue

More. Consider a circular collider.

- - E 3

L _ Alf'ﬁlpf Tp

: mfpd*
Performance limitation of circular colliders

Synchrotron Radiation in arcs [, =eN,.f = EE
. N eZ 4

Power Scales with E*and r p — ¥
arc n, 6 €y P

=>» Reduced performance reach for higher beam energies

@ fixed power footprint =2 limits total beam current!

*Luminosity is an Essential parameter N(events)=o x L
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Luminosity/10%%cm?s™

Exemple of ep collider LHeC CDR; arXiv:1206.2913
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Introduction. The Idea. Rings vs Linacvs ERL - I
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LINEAR ACCELERATOR D X-Rays

STORAGE Source /—“N

D RING P e - -
I P

X-Rays

Main Linac

Source

High average beam power (multi GeV @ some 100 mA) for single pass
experiments, excellent beam parameters, high flexibility, multi user facility
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Introduction. The Idea. Rings vs Linac vs ERL - Il

= ERL concept was proposed first in 1965 by Maury Tigner

M. Tigner: “A Possible Apparatus for Electron Clashing-Beam Experiments”, Il Nuovo Cimento Series 10, Vol.

37, issue 3, pp 1228-1231,1 Giugno 1965

_ Figure 2 1s an electron collider with

ENETgy-TECOVery

technique presented in the

abﬂvmennnnﬂd paper. In this electron collider, two 1f
linear accelerators generate two high-energy electron
beams to collide with each other at the interaction point
in experiments called the clashing-beam experiments.
Each electron beam after the interaction is injected into
the opposite accelerating structure for deceleration. The
beams lose their energy during the deceleration, and the
energy 15 converted back into rf energy to accelerate the
succeeding electron beams.
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Figure 3. Smgle-beam electron collider wath energy-recovery
technique [2].

2.2. ERL Experiments in the early years

The first accelerator that exhibited energy recovery was
the Chalk River Reflexotron, which was a double-pass
linac consisting of an S-band normal conducting
standing wave structure and a reflecting magnet similar
to the apparatus shown in Fig. 3. In the Reflexotron, the
electron beam passed through the S-band accelerating
structure twice achieving second pass energies of 5 to
25 MeV depending on the position of the reflecting
magnet relative to the accelerating structure [3]. The
energy variability down to 5 MeV was obviously
achieved by deceleration of the electron beam in the
second pass, which was energy recovery, although there
was no statement of the term “energy recovery” in the

paper.



ERL how it works - |

Energy recovery in RF fields:

= Energy supply - acceleration

= Deceleration = “loss free” energy storage (in the beam) - Energy recovery
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SINGLE TOUR

Linac

Fig. 1: Btep one of an ERL — acceleration

injection

In the first step of an ERL, alsctrons from the mjector are accelerated (Fig. 1). The electron
beam 1= then conducted to the experimental area where the synchrofron radiation 13 extracted.

AVAVANAN

Fig. 1: Step tovo of an ERL — decelsration

In the second staze of the EREL, the electron beam 1z directed back to the accelerating structurs
but with 2 phaza chansze of 180 dagree:z. Thus the electrons are decelarated mstead of zccelerated, and
after the deceleration they are extracted at low ensrgy and dumped (Fiz. 2).

08/09/2021
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MULTI TOUR

More complex, but allows to go up in energy !

Fig. 2: Altemative lavout of an EFL — acceleration and deceleration over s=veral tams

An alternative way of operating the ERL iz to run acceleration over several turms, using the
zame accelerating sfructure more than once (Fiz. 3. In the final (outermost) tum the generation of
synchrotron radiztion takes place and the electrons amrive n the subsequent tums m the decelarating

phase. Thus passmg the same orbits in reversa order unfil they are slowed down o the njection enarzy
and can be dumped.

The energy recovery in this process takes place in the
accelerrating structure. The energy taken from the electron
beam in the decelerating phase is stored in the accelerating
structure and can be used to accelerate electron bunch

10



Filling empty cavity An accelerated beam loads the cavity

The fields in a cavity in an ERL is shown in the Figure.

The loading of the cavity goes exponentially toward the maximum value.
When the beam is accelerated in the cavity, the fields are decreased toward a new equilibrium.
Finally the accelerated beam returns to further load the cavity and the field inscrease toward an higher equilibrium.

If we increase Q-value we acheive much smaller losses for a given stored energy. The decay and change over time will
also be slower and less senitive. On the other hand, the « memory of the cavity will be much longer
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* Future projects with ERL
* The project PERLE@Orsay

A lot of slides, more seminar oriented !

ERL - Green Accelerator for Future Experiments
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Many projects in the world : demonstrators, small machines, future projects...

Energy in MeV
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[
ERLs around the world: ..:.PERLE

Normal Conducting 180 MHz + DC Gun S.C. ‘BESSY' Module, | Beam dump
30 mA, | MeV, 70-100 ps

Conventional Injector  AE=40MeV (20MV/m, high cw gradient)

5MeV 5MeV

2 Recirculations:Length=N*1

lRF-Cavities # Bending Magnets § § Solenoids
T Undulators m Buncher Mirrors f§ Outcouple Last recirc :Length=(M+1/2)
- oy 10mA
BINP, Novosibirsk = 1 3GHz
- 3-4 turn ERL :
41 | MESA 5-125 MeV
- Normal conducting RF
4391 m
2loop-CERL, KEK
Iy T, 16U - 3 ) . g .-‘
“{‘m‘m ;.... i “j‘fm’ ' . BERLinPro  yo
o A SO ~ ) o ﬁ -~
W Q== \ W YT SR
‘"' e i " ‘-" ‘1 3 8 3 x 7 cell cavities, 1.3 GHz ‘\
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O cell, 1.3 GHz cavities, 4 modules
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- At the moment only single loop operation
- Severe limitations in beam current due to injector
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WHY THIS FOISONNEMENT of ERL ?

ERL allows to conceive new machine and opened a very wide field of possible applications !

Physique electron-proton : LHeC et FCC-ep, and also eA !

Low energy electrophysics

e-Nuclei physics

Industrial applications
New ideas of ERL-linear collider

New idea of ERL-based e+e- factory



50 x 7000 GeV?: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF
CDR: 1206.2913 J.Phys.G (550 citations)
Upgrade to 1034 cm2s?, for Higgs, BSM
CERN-ACC-Note-2018-0084 (ESSP)

arXiv:20002,44491, J.Phys.G to appear

Hel and

ERL - Green Accelerator for Future Experiments

60 x 50000 GeV?: 3.5 TeV ep collider

Operation: 2050+, Cost (ofep) O(1-2) BCHF
Concurrent Operation with FCC-hh

FCC CDR:

Eur.Phys.J.ST 228 (2019) 6, 474 Physics
Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+



LHeC Configuration (for two electron beam energies) [CERN, BNL, Jlab for CDR]

Loss compensation 1 (140m)

60 GeV ERL e

Linac 1 (1008m) ]
Injector

Loss compensation 2 (90m)

Linac 1  E—
Injector

Matching/splitter
Matching/combiner

Arc 2,4.6

Arc 1,3.5
50 GeV ERL

Bypass

\

Linac 2

Linac 2 (1008m)

VAN

IP line  Detector
Matching/splitter (30m)

Matching/combiner (31m)

0s/c37kuEN energy recovery racetrack configuration, Modular for LHeC/FCC-eh

orT1or ure Experiments

Energy recovery linac(s)
20mA |,

Concurrent ep + pp
operation with LHC

Integrated luminosity
inep uptoO(1) ab?

U(ep) = 1/n U(LHC)

Likely n=3 (CDR) - n=4
gains 20-30% cost. E< 60

H, BSM, top, low x..
require E > 50 GeV

Frequency set to 802 MHz,
commensurate with LHC
and 401/802 at CERN+FCC.

also beam-beam stability
17



Hundred
Years of
HEP

Colliders

08/09/2021

1000000

® Lepton Colliders
= i 100 TeV FcCpp :
% 100000 M Hadron Colliders — i
() ® Linear Colliders —EcC-pp I SppC
- -~ 40TeV
Electron-Proton Colliders LHC wm-~
g 10000 = s FCC-eh
v -Tevatrgn ".’ LHeC CLIC
S 1000 e ILC— CLIC —# ILC
.ﬂ . ’.’Spps HERA R
Ta.; ) 1§€ o —"- - ® FCC-ee
e 100 ——.PEJFRA;. SLC CEPC
@ ®, ocp TRISTAN EIC
£ DORIS
© 10  speard @ CESR
2 © ADONE
c
O 1 __mz
(& PRIN-STAN
0.1 . . .
1960 1980 2000 2020 2040 2060 ep/A
Year Parameters:

ERL - Green AQLVEFBriRIng s ul@@pg?‘rﬁ%hlts Max Klein?,

Dario Pellegrini!, Daniel Schulte!, Frank Zimmermann

 EDMS 17979910 | FCC-ACC-RET-0012



Published in 2020

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

arXiv:2007:14491 (400 pages, 300 authors)

To be submitted to J. Phys. G
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Concluding Remarks

Spreader 38m Recombiner 38 Injector

F Compensation
+ Doglegs
+ Matching 96m

Linacl 1008m RF Compensa
+ Doglegs
+ Matching 120m

U(ERL) = 1/3 U(LHC)

Arcl,3,5 3142m Arc2,4,6 3142m

Recombiner 38m Dump

+ Matching 20m  Spreader 38m ’ Bypass

Linac2 1008m

IP Line 196m
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This is indeed affordable - O(1) billion CHF for another TeV collider
It sustains the HL-LHC and exploits this massive O(5) BCHF investment

Physics: Unique: Microscope of substructure (not resolved!), empowers
LHC searches and Higgs measurements challenging e*e", Discovery
in electroweak and strong i.a. sector, Revolution of HI physics

Technology: Accelerator: highest energy ERL application - green.
Detector: exciting place for new technology (CMOS, timing,

thin calo.. etc) in classic DIS, low radiation environment, no pileup.
Exciting place also for known technology to reappear and work.

Merging LHeC with A3 resolves conceptual conflict on IP2 and
promises to lead to new chapter of Hl and accelerator physics (tentative)

Next steps: PERLE facility at Orsay, considerations for a detector
proposal to LHCC, embedded and subject to CERN’s future,
which is also related to that of the CEPC.

The LHeC group believes that diversity (at the energy frontier too) is
key to help particle physics theory to restore its predictive power..

ERL - Green Accelerator for Future Experiments 20



Deep Inelastic Scattering

Physics with Energy Frontier DIS
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Parton Distributions

DIS: clean theory, light cone, redundant e/h FS reconstruction, ..

gluon distribution at Q* = 1.9 GeV?

B teRa

LHeC 50th-1

—ry
-
o

For LHC to have an impact on
the search and precision physics
program at HL-LHC it is crucial
that PDF and QCD information
is available early.

B2 | Hec 1000tb-1

Ratio to HERA

jry
o
L1

< PDF study with 50 vs 1000 fb!

Remove essential party of
QCD uncertainties of gg> H

cf C. Gwenlan, talk at DIS19 and
0.85 Ll w0l M Cooper Sarkar yesterday at EPS
10° 1072 107

Figure 6: Uncertainty on the determination of the glion distribution in the r range
relevant for Higgs measurements at the LHC, based on the combined HERA data (outer
band, green) and for the LHeC with the full data set (inner band, blue) and from the
first running period (yellow, around the inner band. The LHeC uncertainties comprise
full correlated systematic error estimates besides the statistics.

Complete unfolding of parton contents in

unprecedented kinematic range: u,d,s,c,b,t, xg

Strong coupling to permille accuracy (incl + jets):
Crucial for LHC:

- high precision eweak, Higgs measurements

- Extension of high mass search range

- Non-linear low x parton evolution; saturation?

gluon distribution at Q2 = 1.9 GeV?
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Higgs in ep and pp [LHC and FCC]

LH(e)C

kbbbl

W HL-LHC

B LHC (p+e)
ILC 250

B |LC 500

«— 1%

Fig.1: Results of prospect evaluations of the determination of Higgs couplings in the SM kappa
framework for HL-LHC (dark blue), LHC with LHeC combined (p+e, light blue), ILC 250 (light
green) and ILC-500 (dark green).
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Colhider FCC-ee FCC-eh
Lumineosity (ab ) +1.5 @ 2
365 GeV
Years 34+4 20
ol'a /Ty (%) 1.3 SM
dgwzz/ 9uzz (%) 0.17 0.43
dguww/gaww (%) 0.43 0.26
dGHbb/ GHbb (%) 0.61 0.74
O9Hce/ IHee (%) 1.21 1.35
O0Hgg / IHgg (70) 1.01 1.17
dgutt/ gutr (%) 0.74 1.10
dgupu/ gupu (%) 9.0 n.a.
OFeryy/ Iryy (%) 3.9 2.3
Gt/ Grree (%) — 1.7
BRgxo (%) < 1.0 n.a.

Prospects for high precision measurements of
Higgs couplings at FCC ee and ep. Note ee gets
the width with Z recoil. ee is mainly ZHZ, while
ep is mainly WWH: complementary also to pp
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Precision
Electroweak
Physics

Heavy Neutrinos
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Figure 1: Left: Unpolarised inclusive NC and CC DIS cross sections as a function of @* at the LHeC, in comparison to
HERA (H1 [17]) and FCC-eh expectations; Middle: Determination of the up-quark weak neutral current vector and axial-
vector couplings with LHeC (yellow) compared with current determinations: Right: Expected sensitivities as a function of the
integrated luminosity on the SM and anomalous Wik couplings [18].
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Figure 4: Left: Prospects for direct right-handed neutrino searches at the LHeC, first estimates for HL-LHC prospects

for comparison, based on [34]. Right: Reach for long-lived Higgsinos in the mass (m, ) - lifetime (e7) plane, compared to
disappearing tracks at the HL-LHC [SE]Equv@Jréyn W@c@@ﬁ%r Frdﬁ}-lué %%i%.&lﬂjg:atﬂﬂ the uncertainty in the predicted

number of events due to different hadromization and LLP reconstruction assumptions. For details, see [36].

Anomalous
Wtb couplings

Higgsinos

MKat EP> 2019

From LHeC strategy paper CERN-ACC-NOTE-2018-0084



Comparison of Colliders: kappa-framework

Some observations:

- HL-LHC achieves precision of
~1-3% in most cases

¢ In some cases model-dependent

- Proposed e*e™ and ¢p colliders

improve w.r.t. HL-LHC by factors
of ~2to 10

- Initial stages of e*e~ colliders
have comparable sensitivities
(within factors of 2)

- ee colliders constrain BR —
untagged w/o assumptions

- Access to k. at ee and eh

arXiv:1905.03764

Beate Heindmann
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Unique nuclear/HI physics programme
Extension of fixed target range by 10 34 N UCIear PDFS at LH eC/Fcceh

QCD of QGP, de-confinement, saturation..

nPDFs independent of p PDFs 1509.00792 T .
= ; HERAPDF2.0 NNLO, KFitter E
B I -4 LHeC LHeC+FCC-eh
ngh @ : DSSZ
. . % 1.
luminosity present W . - |
~10 33 status > ?0.
enables on xg %:0' gluon
high statistics Pb/p o
in Short 0 ol Lol Lol Lol ul Ll
eA runs T 10” 10" 1 w i
cf J Jowett et al X
&-‘ N Armesto, FCC Physics Week 1/2018
C'\'I_\EE | | | > ’E AR D L) I LA B AL 7
> e HERAPDF2.0 NNLO, XFitter @ '*= HERAPDF2.0 NNLO, xFitter LHeC  LHeC+FCC-eh-
8 e LHeC LHeC+FCC-¢h ORE= =
14— 1
pd .
Ot ™ 1
m —— [ —
xnﬂ.ﬁ 50.8
= sea §' y 3
3 ul o, valence E
cf talk by n'Im“;_ o 02 =
A Stasto today T 7 T e 0 el ' ;1

1 5
0
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Many projects in the world : demonstrators, small machines, future projects...

Energy in MeV

106 = T TTTT] RN N HWW\\ NEWFRONTIERISTHEPOWERANDI\/IULTITOURSI
. |® Completed o I T IR EXM;\ Py, -
105 | |@ Ongoing (cold) ] .. @ - FKceh -~ @ o
- |® Ongoing (warm) | ~- o CERC 9 HRC 0, |
B RN S~ N LHeC ~ NN
3 @® In progress -
10 | @ Proposed
10° = DRAFT ™
| 7/8/2021 |- e
102 S =S : @
SN So . ALICE L.
e ]
i N - @ =
107 k£ S-DALINAC > <
SN (1-pass)
B ~ \\ - - - - 70 \\ 7/h” |
B \\ \\70 \\700 \\ 7 \\70/ \0 \\ N
100 | xuhﬁM/ L1 lllﬁlJW |1 Hmu” |1 Hxhﬁyy |1 Hmu% | lllhf@ IR RNEY
10" 103 1072 10" 10V 10’ 102 10°
08/09/2021 RAyerggaccurremt intmA  Technology Limited ~—p



To prouve that we can go at high energy we need a demonstrator : PERLE

PERLE Configuration

Three passes ‘up’ to reach the maximum energy

AE = 82,2 MeV

AE = 82,2 MeV

. ,‘ . ‘4@//

d\)ﬂ\v

AC inarc 6 = A /2
‘- RF

Electron beam at maximum energy could be used for:

= Elastic electron-proton scattering with polarised beam (Particle physics)

= Exploration of proton densities in exotic nuclei by electron scattering (Nuclear physics)

= Gamma ray production between 0.2 and 5 MeV (wide applications in Photo-nuclear physics),

08/09/2021 ERL - Green Accelerator for Future Experiments
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PERLE parameters .'T:ERLE

PERLE: A proposed multiple pass ERL based on SRF technology, to serve as testbed for
validating and testing a broad range of accelerator phenomena & technical choices for future
projects.

Particularly, design challenges and beam parameters are chosen to enable PERLE as the hub for

technology development (especially on SRF) for the Large Hadron Electron Collider (LHeC)

Target Parameter Unit Value
Injection energy MeV 7
Electron beam energy MeV 500
Normalised Emittance ve, mm mrad 6
Average beam current mA 20
Bunch charge pC 500
Bunch length mm 3
Bunch spacing ns 25
RF frequency MHz 801.58
Duty factor Cw

ERL - Green Accelerator for Future Experiments 9



PERLE * (erRLR&D > Physics [NP, PP))

ALICE DC Photocathode, JLEIC Booster and SPL Cryomodule —in kind

Okt
injectot 7 MeV# E
—

24x%x55x0.8m?

Collaboration is formed but still opened to new comers !

CERN, Cornell, Daresbury, lefferson Lab, Liverpool, Novosibirsk,
IJCLab Orsay (Host) Collaboration, growing: Grenoble, GANIL +

* PERLE. Powerful energy recovery linac for experiments. Conceptual design report
Published in: J.Phys.G 45 (2018) 6, 065003  e-Print: 1705.08783 [physics.acc-ph] 19

Paramater Tnit Value

Frequency MHz= &01.58

Number of cells 5

active length lace ILm 917.9

loss factor VpC—? 2.742 LHeC Design
R/} (linac convention) {1 523.0

R/Q- G per cell 0? 28788 Update

Cavity equator diameter mm 327.95

Cavity iris diameter 1L 130 2007.14491
Beam tube inner diametor Tmim 130

diameter ratio equatorfiris 2.52 J.P h VS G ! 21
E]I(‘ ak .I"I-F:rrr!r 22“

Bpearf Eaer mT/(MV /) 4.2

cell-to-cell coupling factor k.. % 3.21

TEqy entoff frequency GHz 1.35

TMyp; cutoff frequency GHz= LTT

Table 10.15: Parameter table of the 802 MHz prototype five-cell eavity.

Qal2K) | Fubtrasting 0.5 nid duate NC
RFloe36s In 35 blank flanges

Lell

L1113 IIZ Ty

lelld

1e8 T y
4] 5 0 15 0

Eacc (M)

guanch limit

PERLE

Figure 10.20: Vertical test result of the Ave-cell 802 MHz niobium cavity prototype.
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PERLE TDR End Phase 1: PERLE @ 250MeV
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PERLE Phase 1 layout
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PERLE Phase 2 layout
i i
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Already some nice acheivement on machine design, injection lines, SFR cavity...

Photocathode gun Buncher SRF booster .. .
_I K{ L,gght box \ PERLE Injection Line
N
: wf L)
D
/
FOCUSing Photocathodes choice:
solenoids > Sb-based photocathodes (unpolarized electrons) operated at 350 kV
> GaAs photocathodes (polarized electrons) operated at 220 kV
PERLE SRF System

Lattice design optimisation of

switchyards and circulating arcs

Q=125
Q,=075

4 x45° bends

399 MeV

M = Tﬁds

0

ﬁ‘“‘”‘w‘w
.

BETA_X&Y[m]
T T

Eacc (MV/m)

1 L
DISP_X&Y[m]

. . . . . . . . L
° BETA_X  BETAY DISP_X DISP_Y 7.70429
Cryogenic circuit  Insulation vacuum Thermal shield —— W - N e— - — -  e—
Cryogenic lines port ~ burst disk relief plate Vacuum vessel \ﬂ_j ¥ %/—)
triplet: @1 Q2 Q3 singlet: Q4 friplet: @3 Q2 Q1

Two-phase pipe
He phase separator

= Cavity tuner Thermal shield tie-rod

Gate valve Inter-cavity support  RF coupler

Cold-to-warm transition Double-walled tube

ERL - Green Accelerator for Future Experiments



+ some important new material coming to Orsay....

Transportation of the ALICE gun to Orsay

08/09/2021 ERL - Green Accelerator for Future Experiments 32
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+ and identification of the zone where we want to install the machine...

IGLEX:.T.}}omx +
Andromede

BIEHINIES]
Hall for P*ERL

ERL - Green Accelerator for Future Experiments
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Could you do already physics with PERLE...
Namely a low energy ERL .. ?



Some nuclear physics opportunities
with PERLE@Orsay and the perspectives it would open

DIS at lower energy !
DESTIN initiative — DEep STructure Investigation of (exotic) Nuclei

the discovery frontier the precision frontier
(synthesis of new nuclei) (network of observables)

L Small overlap

e jon manipulation with em fields: mass measurements e.g. ISOL (DESIR/SPIRAL2,
ALTO ...) low-energy physics

XXIst century’s challenge for nuclear physics:

The electromagnetic probes for low-energy nuclear physics

e interaction with the hyperfine field : laser spectroscopy, nuclear orientation— I™,u, Q,, 6<r?.>
e y-spectroscopy : lifetimes, B(EA), B(MA) ] e.g. AGATA physics

e ¢- scattering

e momentum transfer g = 1/A A N TP
e’ AN il ! L
: | |
;~<< R ' >> R i
. nuclear physics: R
hadron phnyI(:: I internal structure of the nucleus
o A structure of the nucleon _
E.= 500 MeV — =0.5 fm scale

contrary to hadron probe, the only unknown in the reaction is the nuclear part

08/09/2021 ERL - Green Accelerator for Future Experiments 35



The main challenge : luminosity ~ DIS at lower energy ! RIB = Radioactive Nuclei Beam

What we need to measure : 4, i . 2 L2 0 We know/have s-tudie‘d the stable Nuclei,
Od - 7 O Mot [q—z] Sr(g, ) |+ {— q—2 + tan —] St(g,w)| BUT not the Radioactive ones !
/ How they look like : charge radius, shape... ?
® = Exc.Energy \ New properties are emerging (halo, pairing..)
Nuclear response surfaces
qQ 2> r or

Dynamic structure functions

Simple imaging Full tomography
Combined with RIB : would open a completely new Elastic
. . . . . o*
horizon, explore the interior of exotic nuclei !
Inelastic a}:i’-""?
...and walk in the footsteps of R. r L ) go‘;“;ﬁ 4 \f&}
Hofstadter o+ < g;‘,ﬁ‘ it I}'ﬁi**; i
X L1y |"'*‘1 J:T'
(1953 : e scattering off gold, GDR .3 Y . ‘113, P T
Stanford) 1 \ ‘l‘ﬁ‘:’l s \‘
..ﬁgym ,ﬁ*t*;&a \ \
\ M«%xﬁ»‘{ Do
\
Nobel price 1961 W 0 () -

_[Donelly and Walecka, ARNPS 25, 329 (1975)]
08/09/2021 ERL - Green Accelerator for Future Experiments 36



The main challenge : luminosity

Ee Nbeam target thickness Luminosity
Hofstadter's era ~ InA 1
150 MeV ~10'"% jem? ~10% fem?¥/s >~
(1950s) " (~10° /s) " el 5
S
- =
JLAB 6 GeV | 00pA ~10% fem2 ~10% fem?s 10"
(~10'/s)
« all interesting phenomena occur at q = 2fm™? ; the higher the q transferred the 102k
lower the cross section; consider previous achievements in this domain
. -3
—> compromise E, =~ 500 MeV 10
N_N I, N -
. . elVA e VA 10
* Luminosity : L= Fc,:,n.',_;_.4 =3
0,0y TOx 0y (e o Momentum transfer [MeV/c]
Observables Reactions Type of nucleus Required luminosity L Z =1 JZ> &
deduced quantities (q: momentum transfer) ] 3 = a
g4 %%
r.m.s. charge radii (e,e) elastic at smail g Light (Z2< 100) L: 10%cm2st ; 9 § g' _ /(1 + e (T—R)/a)
337 pC - p
I Charge density distribution with 2 (e,e) First min. in Light Medium L: 102 10%® cm2s™! N
parameters pch elastic form factor Heavy 10% o g’ P —\ 4.4a
Charge density distribution with 3 (e,e) 2" min. in elastic Medium L: 100 cmist & 3 0.9p - =
parameters pch form factor Heavy 10% :,5' S
Fi, Fr Magnetic form factors—=> (e,e) 2™ min. in elastic Odd-even s §
Proton, neutron transition densities form factor Medium L: 10%%cm?s? = 3
Direct access to neutron-skin Heavy 10% : 9
Energy spectra, width, strength, (e,e’) Medium-Heavy L: 1022 cm2st s 3 R,
decays, collective excitations @ g'-
Extraction of the density (e,e) Light (e,e) (e,e’) L: 10331 = a
distribution using functionals (series (e,e’) Medium-Heavy (e,e) (e,e’) L ~10%°3° = g
. . 5 - 0.1p
of Fourier-Bessel functions ...) 3 S I
Spectral functions, correlations (e,e’p) 103031 g 4 0 2 4 6 8 10
(e,e’p) L~10%3 cm2s? ) -

Radius [fm
= the aimed luminosity should be 102° cm2s! m

but much can be already done at £ =~ 10?%8 (with unstable nuclei EVERYTHING is new !)
08/09/2021 ERL - Green Accelerator for Future Experiments 37



The main challenge : luminosity
Perle@Orsay approach. Very chanllenging

The beam will confine RIB in longitudinal
plane e- with positive ions), and traps have to
confined RIB in transversal plane

Two different strategies to address e-RIB scattering

- double-ring collider : e.g. ELISE project at FAIR, DERICA project at JINR

- Self-confining fixed target : e.g. SCRIT at RIKEN

1 Luminosity for le=200mA
Achievable luminosity ems Luminosity for a number of trapped
1030 ¢ _ ions corresponding to the maximum
No Nt (=€rap Eov No) § — 1+ions capacity of the trap (i.e. fully
LI /7 PP & | 10+ ions compensating the space charge of
le (A) gf\:--:‘ ot Sndien ) > 1029 1\ Luminosity object the electron beam)
F\ — jective .
O (cm?) E\ number of trapped ions:
l./e Ny N 5-108 for 1*
L~ /(cm?s) 1028 | — 5-107 for 10*
ol SN T (trap length 120 mm)
1027 £ O —
P — — e radiusmm
Longitudinal mirror potential Recoiled ion 02 0.4 06 08 1.0

electron beam radius

»

Pre-study extracted from “Electron scattering on radioactive ions at GANIL2” (2020)
Authors: A. Chancé, P. Delahaye, F. Flavigny, V. Lapoux, A. Matta, V. Soma

by electron bunch One of the conclusions : r,<200 um leads to considerable loss of trapping efficiency (ion heating)

Electron bunchs

* SCRIT electrode
oA

Scattered electron

08/09/2021 ERL - Green Accelerator for Future Experiments 38



2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
3 turns (160 MeV/turn)
Max. beam energy 500 MeV

A long road ahead before reaching o = :'87 MeV

. N - .
the full tomography of an exotic nucleus ! ooV 3:247Mev
A3 ‘ 5:407 Me\. ——//

DESTIN [DEep STructure Investigation of (exotic) Nuclei] 7mev AW e T e it
would be a first step in that direction P : > 1

2:167 MeV
4:327 MeV
6 :487 MeV

IP on arc #6
Footprint: 24 x 5.5 x 0.8 m3

Goals:

* to seize the opportunity of the construction of an ERL prototype at PERLE @Orsay to build an Rl-e-
scattering experimental setup (inspired by SCRIT)

e a necessary demonstration step : e scattering off fixed very short lived target for the first time
—> Prepare all necessary R&D towards a fully optimized setup (— £ =~ 10%?) at GANIL (behind DESIR ?)
—> Explore a low-luminosity (£ =~ 1027 elastics scattering program with fission fragments RIB at Orsay

08/09/2021 ERL - Green Accelerator for Future Experiments 39



Gamma beams at the PERLE Facility

@ ) Incident

. - laser beam
Incident E, » 18
electron beam 6,

Also photonics !

Wavelength 515 nm - 1030 nm

Energy Ll Average Power 300kW - 600 kW
Charge 320 pC (can be increased R&D)
Bunch Spacing 25 ns Pulse length 3 ps (can be reduced)
Spot size 30 um Pulse energy 7.5mJ -15ml

Norm. Trans. Emittance S5um Spot size 30 um (can be reduced)
Energy Spread 0.1% Bandwidth 0.02 %

Energy 30 MeV
Spectral density 9*10% ph/s/eV
Bandwidth < 5%
Flux within FWHM bdw 7*10%° ph/s (total flux 9*10*12) - . .

Evaluation is going on with 250 and 500
ph/e” within FWHM bdw 10°®

MeV beam

Peak Brilliance 3*10% ph/s*mm2*mrad?0.1%bdw

08/09/2021 ERL - Green Accelerator for Future Experiments 40



At the end | want just to showing you , two new ideas !

Two New ERL Concepts

«  Two recent concepts have been published for ERL variants of the FCC-ee and ILC
+  The Circular Energy Recovery Collider (CERC) has a similar footprint as the FCC-ee

“High-Energy High-Luminosity e+e- Collider using Energy-Recovery Linacs” Vladimir N Litvinenko,
Thomas Roser and Maria Chamizo-Llatas, https://arxiv.org/abs/1909.04437

* Published luminosity estimate up to 10%¢ cm=2s-’

+ The ERLC is an energy recovery version of the ILC
« “ILC as an ERLC" V.I. Telnov, https://arxiv.org/pdf/i2105.11015.pdf

» Published luminosity estimate up to 0.5 x 10%6cm2s!

08/09/2021 ERL - Green Accelerator for Future Experiments
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Circular Energy Recovery Collider Concept: CERC proposal

* Two 11 to 90 GeV SRF linacs in 4 pass
configuration

* 1/3rd of power consumption as compared
to circular collider

S 2Gev (+ CM Energy reach of 600 GeV in 100 km)

positron

“cooling”ring  “cooling” ring circumference tunnel

wilh Lop-olT

wilth top-oll

* Damping rings for emittance reduction and
recycling of beams

https://arxiv.org/abs/1909.04437
Physics Letters B, 804 (2020) 135394

E, CieV

* Maximum Power of 300 MW per beam @
120 GeV and 2.47 mA

V. Litvinenko BNL and Stony Brook University; T. Roser BNL; C. Llatas BNL
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Energy Recovery Linear Collider Concept: ERLC proposal

ro head-on
collision linac m;

| ration {lE] eSS0

.
. LY A A
L oo y= e~ Ty
1 eleration dW"‘“‘l—"
IS
E % 5GeV
= =

hrﬁm dump
J«;«;' er
AE ~0.025GeV

from DRs

« ERLC consists of two parallel superconducting linacs connected to each other with RF-
couplers, so that the fields are equal at any time

* One line is for acceleration, the other for deceleration.
- Damping is provided by wigglers (no damping rings) at the “return” energy about E~5 GeV
« The energy loss per turn 6E/E~1/100
« Damping is needed to reduce the energy spread arising from collision of beams

PERLE parameters and prouve of principle which PERLE will do
are also crucial to push forward these ideas !!
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Multi-turn SRF

M. Tigner 1965 FEL Demo [1999] & Upgrade [2000] | | C-Beta 2019-2020 20
- N1 2—re— Nl v le’? o gun straight-ahead recirculated _e'lemn g\un ms":::'y = 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
I : m beam1 beam dump beam dump '"’ec? ) (000 kel DC Photo Gun Photoinjector i e - 3turns (160 MeV/turn)
Q S R % SRF linac cnyomodules S v.“."‘a\l (MLC) = Max. beam energy 500 MeV
beamz - r*- L v "'!‘ v (em .‘~v=;:3--v3 o i TR v = -
power divider au:cererr?zxc:“‘ca;fn:efl \,’4’" n/ - ' =, s ,M,GL"“ 5
section 2 reckcutator Y = IR optical cavity @ IR AR int '

n=an integer RF
N=an integer power
source

wavelength=A4

A

and provide the remaining demonstrations
[multi-turn ERL efficiency at high beam powerf]

>
HEP is ready for implementing a truly green accelerator concept!

viaia=war vpel auvull

BINP FEL 2004 [NC]

1960 1970

bERLin-Pro 2020

First demonstration: veRrca

10
EX Pt’RMt’N AL

Stanford SCA/FEL, 07/1987 (sc-FEL driver)

(0 T

T. 1. Smith, et al., NIM A259, 1 (1987)
150pA 50MeV . o
5MeV [ 2 3 4 5 6 Z BEAM 10
u:cronQ/I — 11— 1 1 R, WIGGLER
— - - ————— | BTSSR —

/ -5 f_._ e ———————— _¥:m=:==

\ CRYOGENIC

NEW LINES T0 OLD

REFRIGERATOR REFRIGERATOR

08/09/2021 ERL-Green AccelaiinTationfromast workshop / conference ... .



| hope | shown you how beautiful and fruitful is the ERL concept !
and of course

| hope | convinced you that is just the right time to work on ERL |

Looking forward to discuss with you and meeting you
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Cavity resonator — equivalent circuit

Simplification: single mode

I I
; Veap i
Generator @ |:| = |:|£ @ Beam
R/8 C L R L=R/(Q,)
B: coupling factor —_— C=0/(Rw,)
Cavity

R: Shunt impedance A LC : R-upon-Q
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The Q Factor.

Fattore di Qualita

é.

P

W 11 Q di una cavit
0= 27U\ f
P Af

( La potenza che arriva in cavita puo essere:

t=trequenza
P=potenza
U=energia immagazzinata

Af=larghezza di banda

s Riflessa indietro dalla porta di ingresso (coupler) verso 1l generatore
* Trasmessa da un’antenna (pick up) verso I’esterno della cavita
" Trasferita al fascio (tensione di accelerazione x corrente di fascio)

= Dissipata entro la cavita
U Se il valore di potenza include:

» Solo la potenza che non viene riflessa della cavita, si parla di Q libero (Q)
* Tutta la potenza che arriva alla cavita, si parla di Q caricato (Qy,

W In condizioni di accoppiamento critico (no potenza riflessa), la potenza che arriva
in cavita ¢ il doppio di quella dissipata o trasmessa dalla cavita; quest’ultima in

genere ¢ piccola €/0 ne viene tenuto conto per cui
* In accoppiamento critico il Q; =2Q
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U La curva di Q traccia ’andamento del fattore di qualita (non caricato) in
funzione del campo accelerante.

Log Q,
Ideale (R,= cost)

— Perdite ohmiche

Lo
~

Ly

Q Switch ™, N

«
Ty QUENCH:
Transizione NC

Ea

Porcellato corso oneratort 2010 L2

U Per misurare Q ¢ necessario:
= Conoscere quale sia il rapporto (costante) tra energia immagazzinata in
cavita e il quadrato del campo accelerante
= Essere in condizione di accoppiamento critico (in risonanza e inviando 1la sola
potenza necessaria ad compensare le perdite) e in assenza di fenomeni
dissipativi non ohmici (altrimenti misura pit complicata ed errori maggori)
* Misurare il tempo di decadimento dell’ampiezza dei segnali in cavita che ¢
doppio di quello d’energia (t,=2%tg)
U Dalla misura T, possiamo calcolare il valore di: | Q=2Q ;= 2ot |
U Noto Q, se misuriamo P, la potenza che arriva in cavita, possiamo risalire ai valori di
energia immagazzinata e campo alla calibrazione:

U Q/E .
Q—Z#F—G)Tﬁgn

O A questo punto, variando P inviata in cavita, aggiustando ogni volta le condizioni di
accoppiamento e frequenza, possiamo calcolare le varie coppie di punti Q ed E, che
ci servono a tracciare la curva a partire dal valore del segnale che arriva in cavita e
da quello prelevato dal pick-up. Sappiamo infatti che Ua E?; E, o Vpex € le
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Beam loading — RF to beam efficiency

The beam current “loads” the generator, in the
equivalent circuit this appears as a resistance in
parallel to the shunt impedance.

If the generator is matched to the unloaded
cavity, beam loading will cause the accelerating
voltage to decrease.

The power absorbed by the beam is —;Re{Vggp I}

2

gap

the power loss P =

2R
For high efficiency, beam loading shall be high.
The RF to beam efficiencyis 7= l ‘IB.‘
gap ‘]G‘
1
CAS Darmstadt '09 — RF Cavity Design R |IB‘

Characterizing cavities
1

Resonance frequency

Transit time factor

field varies while particle is traversing the gap

Shunt impedance

gap voltage — power relation

Q factor

R/Q

independent of losses — only geometry!

loss factor
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2.2.1 Shunt-Impedance Z,

The shunt-impedance per unit length of the structure is defined as

E?.
Z, =——— (MQ/m). 11
T Mem (n

It expresses that if we are given the RF power loss per unit length then we can
know how high an electric field E, can be established on the axis. Since

P, =< EZ, therefore Z, is independent of E, and the power loss depends only

on the structure itself which includes its configuration, dimension, material and
operating mode.

2.2.2 Quality Factor Q

The unloaded quality factor of an accelerating structure is defined as

wlU
= —— 12
2=z dP, | dz S
where U is the stored energy per unit length of structure. The Q also describes

the efficiency of the structure. With this definition one can see that given the
stored energy, the higher the Q, the lesser is the RF loss; or given the RF loss

and the higher the Q, the higher is the E, (since U o EZ2).
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LHeC Performance with 100 MW Wall-Plug Power Limit

« 103 cm2 s-' Luminosity can be reached in ep at HL-LHC [and FCC-pp]

10** cm2 s Luminosity reach PROTONS ELECTRONS
o »
0 p
Bunch charge [nC] 35 0.64

arxIV:2007.14491

Symposium on the accelerator R&D roadmap for the

HEF community July 9, 2021 9
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Examples of Industrial Applications

An ERL-FEL based on a 40 GeV LHeC electron beam would generate a record laser with a peak
brilliance similar to the European XFEL but an average brilliance exceeding that of the XFEL by
orders of magnitude

That could be a contribution for a decade of physics programme at CERN between the HL-LHC
and the HE-LHC when time may be required for high field SC dipoles to be routinely available

The industrial process of producing semiconductor chips comprises the placing of electronic
components of nanometre scale onto a substrate or wafer via photolithography

To advance this technology to a few nm dimension, the FEL must be driven by a superconducting
ERL

An ERL with electron beam energy of about 1 GeV would enable multi-kW production of EUV

ERLs might well reach into the EUV market, which in 2020 was 400B Euro, following initial surveys
and design studies undertaken by industry

Symposium on the accelerator R&D roadmap for the

HEP community July 9, 2021 10
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Nuclear Physics Applications

Intense, inverse Compton scattering

- A~1 GeV energy superconducting ERL operating at high average electron current in the 10
to 100 mA range would enable a high-flux, narrowband gamma source based on ICS of the
electron beam with an external laser within a high-finesse recirculating laser cavity

»  The production of 10 to 100 MeV gammas via |ICS results in properties of the gamma beam
fundamentally improved with respect to standard bremsstrahlung generation

« This ICS process would be a step change in the production of high-flux, narrowband, energy-
tunable, artificial gamma-ray beams

- They will enable quantum-state selective excitation of atomic nuclei along with a yet-
unexploited field of corresponding applications

Nuclear Physics:
« Example of IGS, also strong programme for e-A scattering

08/09/2021 ERL - Green Accelerator for Future Experiments
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ERL: Accelerator Energy Frontier

CERN-ACC-Note-2020-0002
Version v1.0

Geneva, June 2, 2020

LH-.O

50 GeV to limit cost [1/4 or 1/5 of U(LHC)]
Three pass ERL, two ~800m long linacs
1.=20mA for 1034 luminosity, f=801.58 MHz
(Erk at Daresbury 16, Frank M at Orsay 18)
Operation concurrent to LHC (+dedicated)

(when) will that happen.? We don’t know
| met Abhay Deshpande in Snowmass 2001,
when he presented the EIC, not for the 15t time

HL-LHgS%yQ(i)Qgtes all of PP,
Its programme will extend to 2040

(Fco)

I Not interested at al [l Not very interested [l Neutral [l Somewhat interested

I Very interested

FCC-ee FCC-eh

FCC-hh

ECFA: Interest of young scientists 2002.02837

60 GeV ERL design applied to FCC-he

Luminosity [10%* cm2s1]

102

—_
o

FCC-ee

- ™
Z(91.2 GeV) : 4.6x10™ cm’s’
i

FCC-ee (Baseline, 2 IPs)

FCC-ee (with 10% safety margin)

ILC (250 GeV baseline)

o JEG (with Jumifenergy. Uparade)...............

“Ng, WW (161 Gev): 6.4 x 10" os A cuc Baseline)
“m
v

CEPC (100km, double ring)
B ERL based FCC ee at 100 MW SR

bl

Na HZ (22 GeV) : 1.6x10" cm?s' B ERLbased FCC eeat I0MWSR |

“Ng 1t (350 GeV) : 3.6 x 10* cm s
(365 GeV) : 3.0 x 10* cm?

L I L L TR L I

4-6 turns

E/Iinac = MZ,..HH/(Z * Nturn)

Vladimir Litvinenko et al, 1909.04437

EIC: Polarised eh Collider at BNL
IBS: emittance growth: needs ERL 100mA (!)

CW e beam cooling of p/A beam (for CBETA)
cf e.g. F Willeke APS talk, April 2018

Coherent Electron Cooling

V.N. Litvinenko, Y.S. Derbenev, PRL 102, 113801, 2009




LHeC Detector Design 7/2020 il fumbers o)

1315

i : ]
Muon Detector
« 335
HCAL- :
Endcap-Fwd HCAL-Barrel Endcap-Bwd
o R 148 e
175 148
<« 160
Solenoid
EMC-Barrel - B8
e Tracker Fwd Tracker Tracker .o _ p/A

FHC-Plug-Fwd

23

FEC-Plug-Fwd BEC.-Plug-Bwd

No pile up, low radiation wrt pp; high precision through overconstrained kinematics: e-h; modular for rapid installation

Tracker radius 40 > 60cm, B 3.5T; LxD =13 x 9m?2 [CMS 21 x 15m?2, ATLAS 45 x 25 m?]..
08/09/2021 ERL - Green Accelerator for Future Experiments arXiv:1206.2913+200%14491



Kinematics: fwd: in p beam direction, bwd: e direction

LHeC - electron kinematics LHeC - hadronic final state kinematics
o o i
% 106 | E=7000 Gev % 10 ¢ | E-=7000 Gev
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Electrons in bwd direction have low energy (E’, < E, beam)
in fwd direction high energy up to Ep, Rutherford backscattering
Q%=1 GeV?is 179°, or eta =4.74 = In tan theta/2, ~ E 2 !

Hadrons in bwd direction have low energy E, < E, beam
in fwd direction hadrons carry energy up to E, beam

08/09/2021 - Asymmetric energycoverage of LHeC-detector.Fwd region: resembles hh conditions 56



Solenoig

Ele, i
e- ctromagnet:c Calorimeter

TfHCkar Fwd

Vi
ertex Tracker Tracker Bwd

.

Wﬂ-Endcap

Barrel Calorimeters

LHeC Calorimeters

Complete coverage to +- 5 in (pseudo)rapidity

Central Region: 2012: LAr, 2020 Sci/Fe option.
Forward Region: dense, high energy jets of few TeV

H - bb and other reactions demand resolution of HFS

Backward Region: in DIS only deposits of E<E,

Forward/Backward Calorimeters

Calo (LHeC) EMC HCAL Calo (LHeC) FHC FEC BEC BHC

Barrel Ecap Fwd  Barrel Ecap Bwd Plug Fwd Plug Fwd Plug Bwd  Plug Bwd
Readout, Absorber Sci,Ph Sci,Fe Sci,Fe Sci,Fe Readout, Absorber SL,W SL,W SL,Pb 51,Cu
Layers 38 58 15 50 Layers 300 49 49 165
Integral Absorber Thickness [cm] 16.7 134.0 119.0 115.5 Integral Absorber Thickness [em] — 156.0 17.0 17.1 137.5
N Tmin 24,-19 19,10 16, —-11 —1.5—-06 Tmax, Tmin 5.5, 1.9 51,20  —14,-45 -—14,-5.0
og/E=a/VE®b %] 12.4/1.9  46.5/3.8 48.23/5.6  51.7/4.3 og/E=a/VE®b (%] 51.8/54  17.8/1.4 14.4/2.8 49.5/7.9
A1/ Xo Xo=302 A;j=8.2 Ar =83 Ar=T71 Ar/ Xo A =96 Xpg=488 X;3=309 A =92
Total area Sci [m?] 1174 1403 3853 1209 Total area Si [m? 1354 187 187 745
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Dipole - 6m Dipole - 4m

‘ Inner Tracker
Solenoid - 6m
EMC Rapidity to ~5
Fwd Tracker Bwd Tracker o = 60 cm

| .

impact resolution
5-10 um

40.7 m? Si

Tracker (LHeC) Fwd Tracker Bwd Tracker Total

PIX PlXmacro SITip PlXmacro strip (incl. Tab. 12.1)
Tmax sTmin 5.3,2.6 3.5,2.2 3.1,1.6 —4.6,-25 —29,-1.6 5.3,—4.6
Wheels 2 1 3 2 4
Modules/Sensors 180 180 860 72 416 10736
Total Si area [m?] 0.8 0.9 4.6 0.4 1.8 40.7
Read-out-Channels [10%]  404.9 689  26.4 27.6 10.6 2934.2
pitch™¢ [ 25 100 100 100 100
pitch? [m] 50 400 50k 2 400 10k
Average Xo/Ag [%)] 6.7/2.1 6.1/1.9

odivel2ohieam pipe [%] ERL - Green Accelerator for Future Experiments 40 / 25 58




