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Introductions and Outline

STATE

= Principle of Energy Recovery Linacs

m Hijstorical overview

= First ideas and tests
= Projects and facilities worldwide and progress on ERLs

= Applications on ERLs

= Colliders
= Light sources
= Electron Cooling of lons

=  Challenges

= ERLDemos & Roadmap

= Transverse/Longitudinal Optics
=  Multi-pass ERL topologies

= Beam Breakup Instability

Summary and Outlook
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Principle of ERLSs

= Accelerating Cavity
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Principle of ERLSs
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Energy Flow = Acceleration
— Energy Storage in the beam (loss free)

, — Energy Recovery = Deceleration
E— .geffgon Lab s Thomas Jefferson National Accelerator Facility
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Principle of ERLSs

STATE

= Mechanical Example:
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Principle of ERLS

= ERLs widen the applications of accelerators as:
= Provide (nearly) linac quality/brightness beam at (nearly) storage ring beam powers:
Ppeam >> Pre
= beam quality source limited emittance: €,e,m < €ring equilibrium
= Radiation control as the beam dumps at low energy: (E.,/Ei)
" can mitigate intractable (i.e. expensive) environmental/safety concerns

= High power beam with reduced RF drive = allows us to consider higher power
applications than would otherwise be unaffordable = GW class beams

= ERLs apply wherever one needs a beam with simultaneous Superb Quality (small
emittance, short bunches) and High Average Power

— .{effe?son Lab s Thomas Jefferson National Accelerator Facility ——————
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Principle of ERLSs

STATE

« Schematics of an ERL based light source:

Undulator Recirculation Loop
UL B DL
AN0N )
VUV
SRERNENEER ¢
acceleration/o\ \
Path length \./
changes AL \ deceleration /"

—_ /Y YV EutAE
T\ NANANAANT
__!7 Superconducting Linac \ B

~E: .
Injector Einj ™ Dump

» For electrons to decelerate on second pass in the linac and deposit their

energy back in to RF system: 1
AL —_ AR F
2
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Storage Rings vs Linacs

LINEAR ACCELERATOR D X-Rays

STORAGE Source /———t -

A RING IP B E— il
S o w T

X-Rays

 Beam parameters determined by Beam parameters depends on the source

equilibrium

Lower number of user stations
« Many user stations

Higher flexibility due to single pass
« Limited flexibility due to recirculation

Shorter bunches
« High average beam current and power
(‘A’, and multi GeV)

Limited average beam current and power
(<<mA)
» Typically long bunches (20 ps — 200 ps)
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X-Rays

— .geffgzon Lab s
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STORAGE
RING

LINEAR ACCELERATOR | X-Rays

Source /m
" B > -
I IP

High average beam power (multi GeV @ some mA) for single
pass experiments, excellent beam parameters with high
flexibility, multi-user facility
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Historical Overview of ERLS

« Maury Tigner, proposed a possibility of energy recovery in
1965,as a result of developing e*/e- collider

A Possible Apparatus for Electron Clashing-Beam Experiments (").

M. TIGNEER

Laboratory of Nuelear Studies, Cornell University - Ithaea, N. I.

(ricevuto il 2 Febbraio 1985) Maury Tigner
172 Al— wpe NL[2eel G
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6 __ ARARALE 1':'_'5"_],’“1* RARARLLLLE] . regicns beam path
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power dvider |accelerator eleciran T \
— i section 2 guin i X . h'r'?"P Yl
it | * e L Py
n=an integer RE beam /] i
N=an infeger | power wavelength-1 out focusing i . L
| source i POWEF | magnets  bending
—_— SOUrCEe magnets
-F'ig- E"
Fig. 3.
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Historical Overview of ERLS

* First Test: The Chalk River Nuclear Laboratory: Two-pass
reflexotron

L] BEMM
ELECTROK VACULN SEANER
I i focus
—STEERIKG MALKETE coiL
FOCus COTLS
REFLECTING
DOUSLE PASS LINERR H s, FIRST Pass
1 ACCELERATOR NAGHET EXIT
¥ i Schriber, Funk, Hodge, Hucheon, PAC1977, 1061-1063
§0° 1KFLECT 4G ;’-‘EE;“[ LI
g i) K
WAGHET T NI ToR WIVEGUIDE | oukmy
ITCH LOAD TORD10
FARADAY CURRENT
Cup DIRECTITHAL L
SOUPLER
[BT]
TETECTOR
WIDuLeToR PULER
o ATTENLATOR .
FILAMENT 180" REFLECTING MET 90
SUPPLIES CIRCULATER Figure l: Schematic layout of TARGET
accelerator and rf power syste HAGNET
PHASE
SHIFTER
WATHIFLLA
Rludn y  WAGKETRON
PULSE
TRAHSFORYER

Figure 1. The 25 MeV electron accelerator attached to its strongback.
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Historical Overview of ERLS

First Demonstration:
» Stanford SCA/FEL, 07/1987 (sc-FEL driver)

VERTICAL

SHAFT T0O OPTICAL
EXPERIMENTAL BEAM
AREA FROM
e N _ WIGGLER
— Al 4 \v/ 04 —
=08 av av
Qﬁ\ prEcr
| 2 3 4 5 6
—— R o) BN Cxm=moe — e WIGGLER
@Em@__ = == _v____r____ B S ] E—
o ~ CRYOGENIC
NEW

LINES TO OLD

REFRIGERATOR REFRIGERATOR

» first demonstrated at SCA/FEL in 1986, with 5 MeV injected beam into a ~50
MeV linac

Recirculation loop with path-length varying capability to demonstrate
acceleration/deceleration of e in the second pass
Same cell Energy

Recovery
E— .geffe?son Lab s Thomas Jefferson National Accelerator Facility
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Historical Overview of ERLS

Jefferson Lab FEL:

IR
wipgler
Linac
Optical <
system 10m

Dump

e~ recirculation beam line
Neil, G. R., et. al, Physical Review Letters, 84, 622 (2000)

IR demo: 5 mA, 41 MeV, exceeded the beam power x 10

UV upgrade: 9 mA, 150 MeV, 10 kW: highest current that has been recirculated
in an SRF ERL

- kept same ERL efficiency

- only about 300 kW of installed RF, thus demonstrating the most basic
reason for building an ERL.

— .geffgon Lab s
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Applications of ERLs

ERL as a Next Generation Light Source:
« combines the features in linacs and storage rings

dump electron
: IE—— H > source

. . O
main linac: several GeV \

&
&
e
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Applications of ERLs

Advantages of ERL based light sources:
= Possibility of high operating beam power: 100mA @ many GeV possible

Always “fresh” electrons (dumps energy recovered beam)
= small emittance (~ 0.1 mm-rad norm. = 10 pm-rad at 6GeV)
= high brilliance ( x 100 — 1000 compared to storage rings)
= short pulses ( ps down to 10 — 100 fs)

= Not limited by Touschek intrateam scattering

= Flexible choice of polarization

= 100% coherence up to hard X-rays

= Real multi-user operation at many beam lines

* Tailored optics at each insertion device

= Flexible modes of operation (high brilliance, short pulse, different pulse
patterns) adaptable to user requirements

E— ..!effe?son Lab s Thomas Jefferson National Accelerator Facility ——————
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Applications of ERLs

Electron Cooler for lon Beams:

‘Electrostatic’ ,e.g. Van-de-Graaff , Peletron, ...

e - source, collector
acceleration :‘: ‘Cold’ electron beam deceleration
+4.3MV DC —— always ‘fresh’ electrons +4.3MV
‘Hot’ ion beam ® e
° & & !
in storage ring ] ks
VElectron = Vion
e.g. FermiLab recycler ring (Tevatron)
anti protons: E=9GeV — B =0.994
electrons: E=4.9MeV — Ucooler = 4.39 MV

1=05A (DC) —>P=22MW

E— .geffe?son Lab s Thomas Jefferson National Accelerator Facility
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Applications of ERLs

Electron Cooler for lon Beams: Strong Hadron Cooler for EIC

Storage Ring

EIC

Electron Injector

(Polarized)
lon Source

Booster

Altérnating Gradient
Sychrotron

— .geff;?son Lab s

Operated by JSA for the U.S. Department of Energy

P Hadron Chicane
[ =—— Cooling Section of
Hadron Storage Ring p5 <€ Hadron Beam Ds
—— Strong Hadron Cooler
|~ Injection Cooler

Amplifier

oo Electron Beam - -3
Ao I
Aty T
e ad,,
B"Go;
L)
Diagnostic Line B .
—_— PRI \
To Injection Cooler v * 59\‘3'“* 197 o -
-~ Electron Beam R A MEE e MV = HVDC |
Laser Heater P ALY SEO Gun
To SHC Injector
Linac. PX Booster

Electron Beam ----» SHC and Injection Cooler Return Line

Thomas Jefferson National Accelerator Facility
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Applications of ERLs

Electron Cooler for lon Beams: Strong Hadron Cooler for EIC

= 100 mA beam current with 1 nC

bunch charge = High current R
" Top energies: -~ e
= Mode A: 150 MeV e

Electron Beam -~ - » SHC and Injection Cooler Return Line

- To cool 275 GeV hadron beam
= Mode B: 55 MeV
- To cool 100 GeV hadron beam
= RMS bunch lengths 9 mm & 7 mm

=  Normalized emittance 2.8 mm-mrad

E— .geffe?son Lab s Thomas Jefferson National Accelerator Facility ——————
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ERL Configurations

STATE

Two main ERL Configurations:

Recirculating linac with a single linac Recirculating linac with two linacs (Race track)

= Accelerate beams into higher energy with “N” recirculation, energy recovery
is feasible in the "N” passes

= Multiple linac passes increase the maximum beam energy

= Return arc share accelerating and decelerating beams, with nearly the same
energy

= Required phase-shift/path-length change is achieved by a chicane or
adjusting arc path length

— ..!effé?son Lab
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ERL Demonstrations

CEBAF-ER: lup-l1down ERL demo

e Asuccessful energy recovery demonstration on CEBAF accelerator at Jefferson
Lab in 2003

e 1-acceleration pass, 1-energy recovery pass, with maximum energy reach of
1055 MeV

* 55 MeV electron beam was injected into North and south Linacs, phase delay
chicane provided 0.5 Agf, path length and decelerated in the next pass.

* Dumped energy recovered beam at ~ 55 MeV at the beam dump

Inject 55 MeV 555 MeV

1055 MeV 555 MeV

555 MeV

e
<X

1055 MeV 555 MeV

REF: C. Tennantet. al., CEBAF-ER: EXTENDING THE FRONTIER OF ENERGY RECOVERY AT JEFFERSON LAB, 2003

E— .geffe?son Lab s Thomas Jefferson National Accelerator Facility ——————
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ERL Demonstrations

Cbheta: Cornell-BNL ERL Test Accelerator

Successfully demonstrated multi-turn energy recovery in SRF cavities.

* Multiple energy beam transportation in arcs relies on FFAG (Fixed Field
Alternating Gradient) Magnets

* Used DC photoinjector@ 300 kV; 4-accelerating & 4- decelerating passes

* Highest beam energy is 150 MeV (42, 78, 114, 150 MeV)

* MLCis custom designed for ERL applications

Source fmsais: ..
T :16 MeV Main linac cryomodule ——

Injector cryomodule;’ RN S IR e S
P, p - B

» Same cavity energy recovery

e TS,
S R
PP g X : 1 eI
» Fre- Diagnostic R S -
R Splitter B > line Splitter A ",

F )
: ArcB CBETX ArcA
== CORNELL-BNL ERL TEST ACCELERATOR §
% $
%, &
%, >
“u,, Transition B Straight Transition A
b, AW
", \)

Il" N\
H v
'““Hll!llII"l""lIIIIIIIlIIllllIIIIIllllllllllllllllllllll"I"Illlll""llllllll"lllllll““““
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ERL Demonstrations

Cbheta: Cornell-BNL ERL Test Accelerator

* Measured orbits within FFAG arcs T | "~ Acceieratng] .
0F o, ® Decelerating .' .'s_-' . ‘: 150 VeV .
15} * - .

10

Horizontal Position (mm)
o

. . 5t
* More details: Cebeta Article
A0t
A5+
-20 L
Source Beam
e i Main linac cryomodule & stop o5l 1 L L 1 1 N
Injector cryomodule .__'1_;,_'.2' B e e e -.‘,.:'___-.\ 0 10 20 30 40 50
Bl - b - Arc Distance (m)
I Diagnostic . N
g" Splitter B S line Splitter A "'«,,%
= =
§ Arc B CBET/X ArcA §
% CORNELLBNL ERL TEST ACCELERATOR 5:
"‘o,,,”;l'ransition B Straight Transition A‘\‘ ‘,\\\\\“‘
iy i ™
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ERL Demonstrations

ER@CEBAF: 5-pass, multi GeV ERL demo at CEBAF

* ER@CEBAF was a proposal on demonstrating energy recovery at CEBAF with 5-
accelerating and 5-decelerating passes

e 700-750 MeV energy gain per linac, to minimize Incoherent Synchrotron
Radiation (ISR) losses & increase arc momentum acceptance

 Two new segments required: D

e Path length chicane
* Low energy beam dump

— .geffgon Lab s

Operated by JSA for the U.S. Department of Energy

North Linac
(750 MeV)

South Linac

Injector (750 MeV)

dd a Low Energy
Dump

Add a Path Length
Chicane

REF: S. A. Bogacz et. al, ., ER@CEBAF: A test of 5-pass energy recovery at
CEBAF, 2016

Thomas Jefferson National Accelerator Facility D
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ER@CEBAF: Multipass, multi GeV range ERL

STATE
N Matching
: Section
thd.lmg Arc Poin
Pre-Injector Section e W$E Doglegs ¢ ngenz)‘
130 keV Chicans S
Polanzed Gun 6.3 MeV 123 MeV 12051MeV HALL
2 Spectrometer D"
g
Tagger
Dump
Spectrometer,
Insertable Pathlength
Dumps RF Cavity Insertable
Separators Dumps
. =
& /1006 mev 2 =3 i ol
//,» \ \ \ N &
/ \ \ N 4E ,
/ BSY \
1 Dump \ }\ ZE 2
2N
/HALL) T T
et Matching Matching
S— Section Section Arc Point
Doglags of Tangency
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ER@CEBAF: Multipass, multi GeV range ERL

Beam recirculation within arcs require mirror-symmetric optics for two linacs

Acceleration/Deceleration

Linac optics optimization used MOGA approach

Type equation here.

300

2501

200

'E 200 E
5150’ E 1507
Qloof m-100A
50 5017
0 T ! ; , , (0] T
0 500 1000 1500 2000 2500 0]
s [m]
= Quadrupole Gradient:
_dB_ kypc
CdL e
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ER@CEBAF: Multipass, multi GeV range ERL ‘

 The 10 pass ER@CEBAF beamline was created combining all the linac and
arc lattice segments. f(s) and D(s) are plotted

1200 — Bx(s)
1000 1 — Bs)
E 800
G 600
o
400
200
0 B
v\’ v"' vq’ vb‘ P(’ Pb v-« v& ‘*8 v-“‘P ?8 vq’ v-’\ vb vﬁ Ph ‘rﬂb vq' px
2 4
€ 11
= oA "” 1l il 11l ”"
-1 A - Dx (5)
T Dy (S)
0 2000 4000 6000 8000 10000 12000
s [m]
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ERL Roadmap
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Key Challenges in ERLSs

* High Brightness Electron injectors:

* Asin linacs, electron source determines the important beam parameters (bunch
charge, emittances, temporal structure)

e Uses DC thermionic guns to state-of-art SRF photocathode guns

* Buncher and booster: Chop the continuous beam and to compress the bunch to the
desired length

* Merger: transports the high current bunch exiting the injector to the recirculation line
e SRF cryomodules:

* Field emission, multipacting. HOM damping
 Beam control and diagnostics:

* Several R&D work is going on as new challenges arise different ERL designs

E— .!effe?son Lab s Thomas Jefferson National Accelerator Facility ——————
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RLA Topologies

o .
‘Dogbone’
AE
E— .!Effgon Lab s Thomas Jefferson National Accelerator Facility ——————
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’Racetrack’ vs ‘Dogbone’ RLA Topologies &=

)

1.5 AE

AE
3 AE
Twice the acceleration efficiency — traversing
the linac in both directions while accelerating
E— .gefoon Lab s Thomas Jefferson National Accelerator Facility ——————
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‘Dogbone’ vs ‘Racetrack’ RLA- Arc length

9x AE/2

n X ' = n(r+40)R 2n x = 2nnR
a |
o
Net arc-length break even: if a = /4
E— .!EfoOH Lab s Thomas Jefferson National Accelerator Facility ——————
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‘Dogbone’ vs ‘Racetrack’ RLA- Arc length

9 xAE/2

n X ' = n(r+40)R 2n x = 2nnR
a |
o
Net arc-length break even: if a = /4
E— .!EfoOH Lab s Thomas Jefferson National Accelerator Facility ——————
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‘Dogbone’ ERL with Twin-axis cavities

Arc 4

e s
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Elliptical Twin Axis Cavity capable of accelerating, or Double-aperture quad - single
decelerating beams in two separate beam pipes layer coil design (CERN)
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‘Dogbone’ ERL with Twin-axis cavities

Arc 4

=sTaTaATAER 0 TATATAYH
PR 0
3 I A W ldg ) ' )

ooooooooooo

..............

ooooo
ooooo

ooooo

i
.......

.....
OSSR
..........
R S
s‘*‘#dl""‘*"

:.

Elliptical Twin Axis Cavity capable of accelerating, or Double-aperture quad - single
decelerating beams in two separate beam pipes layer coil design (CERN)
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Bi-sected Linac Optics

‘half pass’, E"‘i_ E,

15
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qguad gradient
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Multipass Linac Optics

Acceleration (3.5 passes ‘up’)
—
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Multipass Linac Optics

Deceleration (3.5 passes ‘down’)
—
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Arc 3
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Arc 1 & 3 Configuration

top view

side view

— .{effe?son Lab s Thomas Jefferson National Accelerator Facility

Operated by JSA for the U.S. Department of Energy USPAS, Knoxville, TN, Jan. 27 - Feb. 7, 2025 39



Beam Breakup Instability (BBU)
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Regenerative transverse BBU (single cavity, single turn, one mode):
*  Bunch passes through cavity ‘off axis’ during accelerating passage = Induce HOM voltage &
transverse kick due to Higher Order Modes (HOM)

*  After recirculation kick transforms to an offset & HOM damp according to its Q

*  Bunch passes through cavity with varies offset on decelerating passage = induce HOM voltage
& transverse kick due to HOM

*  BBU threshold: HOM excitation exceeds HOM damping —> kick strength growth - beam loss

E— .geffgon Lab s Thomas Jefferson National Accelerator Facility
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Beam Breakup Instability (BBU)

AU, =—q, Ve cos() (xl cos(a)+ sin(a))
beam induced change of cavity energy: a

A Fec

Vv .
AU, =—q, ?" cos(p+o,T, )(x, cos(a) + v, sin(cr))

V.. :
bunch offset at 2"? passage: Xy = My Xy + My, X, MV my, v — 1" sin(@) (m,, cos(a) + my, sin(x))
72
ohmic losses = damping of HOM: P. = ——
(@,/c)"a(R/Q), O,
balanced HOM: (AU, +AU,) - f, =P,
2 pc? valid for:
- threshold current: Ly =~ R . - msin(o, T, )<0
en,| — | O.m sin(w,T,,) - O, 2n*oy

m’ =my, cos”(a)+(my, +m,)sin(a)cos(a) + my, sin’(a)
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CHI

Beam Breakup Instability (BBU) ‘

-

2pc”

ew, (gJ 0, m sm(w,T,)

A

Countermeasures: [, =-

1. cavity design:
* HOMs: small R/Q, varying o, at fixed ®, = multi cavity BBU thresholds increase

* no HOM on a fundamental’s harmonics: ®, # n*o

* low Qfor HOM - HOM dampers (ferrites, waveguides, ...)

2. recirculator beam optics:
»  for a=0 & uncoupled beam transport » m* =m,, = (B,,)? sin(Ag,)
—> stable for Ap =nn
* adjustsin(o®, T..)=0 forthe worst HOM
large path length change = inpractical
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Beam Breakup Instability (BBU)

-

2pc”
R v
e, (QJ O,m sm(w,T )

A

Countermeasures: [, =-

2. recirculator beam optics (continued):
*  coupled beam transport: switching of planes M=((M,,0),(0,M,)) 2 M=((0,M,,,0),(0,M,,))
m,,=0 => horizontal HOM kick transforms to vertical offset = HOM not further excited
by the oscillatory part of x,

. —> two options: solenoid (low energy), rotator

M~ | __protie
4x1 04 BN A= L
| -_\“~_\<‘\_ | — “-ﬁ-_________‘______—ﬁ,\‘_% v,
2107+ S I R o
. |
ﬂm 0 0 1 0) mll ﬂm
—207* 0 0 01
O M=_1 000l 4 5 6 7 8
0 -1 0 o8 m
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JLAB IR/UV FEL

Parameter IR uv
Energy (MeV) 88-165 135
lave (MA) 9.1 2
Qbunch (PC) 135 60
e transverse/longitudinal 8/75 5/50
(mm-mrad/keV-psec)
Gspip, O1 (fsec) 0.4%, 160 0.4%, 100
loeak (A) 400 250
FEL repetition rate (MHz)
(cavity fundamental 0.586-75 1.172-18.75
4.6875)
NFEL 2.5% 0.8%
AEy, after FEL ~15% ~7%
— .geffe?son Lab s Thomas Jefferson National Accelerator Facility e ————————————————
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Nonlinear Beam Optics

*  RF curvature: E(t)=E, cos(ot + ¢,)

T
o
i

8,

E o

<
T
o
i 3

|
-2 0 2
Az mm
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Nonlinear Beam Optics

*  RF curvature: E(t)=E, cos(ot + ¢,)
* aberrations: geometric & chromatic
caused and counteracted by nonlinear fields = multipole magnets
Example: bunch compression E(s;,) = E,cos(s 2m/A - @g) = O, = E(s,)/E,cos(-¢g)
AL = Reg O + T 02 + U 05 + ...

4
, with MP / without
O¢stan = 2.0 mm | :
0 2 Osend=73 pm 206¢ b oy |
;ru 5 204 L i
o -4 202l Osgstart— 0.5 mm |
5 "(_;; O-S,Start = 1 -0 mm
A - E 200 o US,Start - 1 -5 mm .
: . — =
-8 - ~ 195 Osstart 2.0 mm
-5.0x1 012 y] 5.0%1 0712 {.0%1 o1 e
t (s) 1961 |
bERLinPro recirculator test: bunch compression with 194 | ,w"
varying initial bunch length; linac phase, sextupole and - | ! . |
octupole magnets optimized -3¥1072 2012 -1xp72 0 101072
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PERLE (500 MeV) - Baseline Layout

Footprint: 29 m X 55m X 0.9 m
7 MeV Q\

AE =82.2 MeV

Top view

AE =822 MeV

Side view

AS = Agel2 IP
Parameter | Unit | Value
Injection energy MeV 7.0
Top energy MeV 500.0
Beam current mA 20.0
Bunch population 10%~ 3.1
Bunch charge pC 500
Bunch spacing ns 25
Normalised emittance mm.mrad 6.0
RMS bunch length mm 3.0
Longitudinal emittance | keV.mm 25.0
RF frequency MHz 801.6
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Summary & Ouutlook ‘

= High energy (tens of GeV), high current (tens of mA) beams: (sub GW beam power)
would require GW-class RF systems (klystrons) in conventional linacs.

= |nvoking Energy Recovery alleviates extreme RF power demand (reduced by factor
of: 1 - h, ). Required RF power becomes nearly independent of beam current.

* ERLs promise efficiencies of storage rings, while maintaining beam quality of linacs:
superior emittance and energy spread and short bunches (sub-pico sec.)

* The next generation of high energy, high current, recirculating linear accelerators
(RLAs) will rely on the energy recovery (ER) process to mitigate their extreme power
demand.

* Maximizing number of passes is the key to a cost effective ERL scheme. However
need to overcome multiple challenges in doing so

» Wide range of applications: Light Sources/FELs, Colliders, lon ‘Coolers’, Isotope
production...
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