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20 May 2026 Alex Fomin PERLE Beam Dynamics and Optics IPAC’26, Deauville, France



Linear colliders Circular colliders

Experiment

Acceleration Acceleration

Energy Recovery Linac

Maury Tigner, A Possible Apparatus for Electron interaction
Clashing-Beam Experiments, N.Cim 10(1965)1228 £ ﬁ_g_’f’_'l,s be:am path i o )
bending magnet Q“‘!"’“ Applications:
Q S.W gccelerator secﬁon
electron FTTTTTT e FELs
...to recycle kinetic beam energy gun i ¥ Qﬂ B e Lepton colliders
of a decelerating beam for acceleration be}é m e Nuclear physics
of a newly injected low energy beam. out RF focusm ﬁ_ S \ )
power magners bending
source magnets

Update of the European Strategy for Particle Physics (2020) :

“The energy efficiency of present and future accelerators ... should remain an area requiring constant attention.”
A detailed plan ... for the “saving and re-use of energy” should be part of the approval process for any major projects.
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t PERLE main objectives:

1. Demonstrate multi-turn and high current operation

2. Validation of technical choices: DC electron gun, 800 MHz SRF, non-invasive diagnostics

3. Host experiments: Fabry-Perot inverse Compton source, DESTIN (inelastic eA scattering)

Energy in MeV

A Hutton, Nat Rev Phys 5, 708-716 (2023). ttps //doi.org/10.1038/s42254-023-00644-6
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Injection rate: 40 MHz
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% PERLE — Powerful Energy Recovery LINAC for Experiments

06.2012 — First Idea (Erk Jensen and Rama Calaga)
Test Facility & ERL injector of LHeC ERL

08.2012 — First Lattice Design (Alex Bogacz)
06.2015 — Powerful ERL for Experiments
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o PERLE

M PERLE — Powerful Energy Recovery LINAC for Experiment
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% PERLE status

06.2012 — First Idea (Erk Jensen and Rama Calaga)
Test Facility & ERL injector of LHeC ERL
08.2012 — First Lattice Design (Alex Bogacz)

06.2015 — Powerful ERL for Experiments

10.2016 — PERLE at Orsay (Achille Stocchi and Max Klein)
05.2017 — Conceptual Desigh Report

Uk > E-f'o-t;'é;n&ﬂv sysQ;m . A
03.2024 — Start of building phase i NG

K open Cs open

04.2026 — HV conditioning up to 350 kV (ongoing)
& WEP5090 (R. Roux)

. 10-6

04.2026 — CsK,Sb synthesized, QE = 6.5% ’
& THP2102 (M. De Vos) ‘ s
& THP2104 (M. Baylac) |
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This work received government funding managed by the Agence Nationale de la Recheche (ANR) in the France 2030 framework - reference ANR-24-RRII-0001
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% PERLE status

06.2012 — First Idea (Erk Jensen and Rama Calaga)
Test Facility =& ERL injector of LHeC ERL

08.2012 — First Lattice Design (Alex Bogacz)
06.2015 — Powerful ERL for Experiments

10.2016 — PERLE at Orsay (Achille Stocchi and Max Klein)
05.2017 — Conceptual Desigh Report

03.2024 — Start of building phase ' ‘
04.2026 — HV conditioning up to 350 kV (ongoing) . "'F_i_rst e|ectrons T
& WEP5090 (R. Roux) el e

04.2026 — CsK,Sb synthesized, QE = 6.5%
& THP2102 (M. De Vos)

11.05.2026 First Electrons !!!

& THP2104 (M. Baylac)

Next day — 2.5 mA (in the Faraday cup)

This work received government funding managed by the Agence Nationale de la Recheche (ANR) in the France 2030 framework - reference ANR-24-RRII-0001
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% PERLE in a nutshell

Main target parameters:

Injection energy 7 MeV
Electron beam energy 250 MeV
Normalised Emittance 6 mmmrad
Average beam current 20 mA
Bunch charge 500 pC
Bunch length 3 mm
Bunch spacing 25 ns
RF frequency 801.58 MHz
Duty factor CWwW

Phase 1: Injector Line
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” PERLE — Single Turn 2 passes (T {)

----- Return Loop (89 MeV) ------ g RERELELE Common Section (7-89 MeV) - = - = = - = - - SaREEELE Return Loop (89 MeV) - - - -~ -+
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®
t PERLE — 250 MeV 6 passes(TTT111l) +2ReturnLoops .‘TDEI’:LE

B W Bl . 1
S

Switching the operation modes

by changing the field in BCom:
Cryomodule £82 MeV

| B=0.16 T = “Single turn” (89 MeV)
- COOCG CoODO ooonn oG — B 045T - “050 MeV”
74)
120 mA (l/bp \_
/)M
Q
fop ] 115 MW Y
view
IP2 (DESTIN)
i i —— she - s
L 3 SEIAIGIE LIMES - - nseesremresmsrememsresrmaresreereareereeeemeeee e e e e Arc1es
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20 May 2026

PERLE Lattice. Mirror Diagnostic Line (7 MeV)

: i E Beam characterization priority: longitudinal phase space
3-dipole merger:
‘ “ <~ Mirror diagnostic line
R CBETA-like

Non-invasive LPS measurement
Trade-off: large M56 growth

Alex Fomin PERLE Beam Dynamics and Optics
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PERLE Lattice. 3-dipole merger and M56 control
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2R
dv‘l D1 Q2 Q4 Beam characterization priority: longitudinal phase space
1S 5 3-dipole merger:
= 3 - o 1 Mirror diagnostic line
S 0 CBETA-like
| -
O Non-invasive LPS measurement
— 67- Ny ','z\ Trade-off: large M56 growth
”
N\ . . . .
é 0 4 =1 > Remedy: singlet-triplet scheme for longitudinal control
< - ! . Optics roles:
Q1: dispersion in middle dipole = M56
E 5- w Q2, Q4: close dispersion bump
L []
O 01 W, J D Q3: beam-size control
56 —
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s _10- | o Application: longitudinal matching & WEP5006 (J. Issa)
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” Single Turn operation (89 MeV) BMAD optimization

Merger 7 — 89 MeV IP1 Arc 1 P2 Straight Arc 2 80—->7MeV D

0- V/\\/ P \.//\\-//\ /\\.//\\/ — /\\
1 —— horizontal
l ,\ 74 —— vertical
A A _ ﬁ& i i UV
3.9 1.3 7.9 : . . . . 6.8 9.1 8.1 ‘ 6.4 2.3 7.9 As. m
Ed
Cryomodule — IP1 (FP) (
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M Single Turn operation (89 MeV) BMAD optimization (emittance vs

o
.

9,
PERLE
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Because of space charge, the matching becomes a trade-off: minimize emittance growth, or minimize halo formation
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— but not perfectly both at once
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M Single Turn operation (89 MeV) BMAD optimization (emittance vs

®
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®
@ PERLE

M Single Turn operation (89 MeV) BMAD optimization (emittance vs

Merger 7 — 89 MeV IP1 Arc 1 P2 Straight Arc 2 80—->7MeV D
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M PERLE Optics: Multi-turn tuning
Merger Pass 1

253
> 1714
=
Llj 89'
7‘ﬁ=/_’_’_’
40 Turn 1
30- Spreader  Arc 1 Straight Arc 2  Recomb.
— 16
€ ]
Q. -
10- g 81
N e ol ol
01 0 . .
0.4 67
E SLLLAU H £
_021 V.V = \/ \J
3.9 11.0 —671
24.2 7.9 6.3

As, m

In the arc, M6 is another tuning knob: we can close the spreader-induced bump,
improve transport, and match the longitudinal phase space at the IPs

20 May 2026 Alex Fomin PERLE Beam Dynamics and Optics IPAC’26, Deauville, France



” PERLE Optics: Multi-turn tuning
Merger Pass 1 Pass 2

253-
D 171
=
™ 89 1 [ ———
71_%//
40 Turn1
30- Spreader  Arc 1 Straight Arc 2  Recomb.
— 16
E 201 ” e 12-
10- % 8 1
(a )] 4 -
). ) o ode I Dode
0.4 67-
e 0.2 A T
— . IS O 0
= o] VIV = [TV V
3.9 11.0 12.0 67
Return passes use the same lattice = mirror Twiss R Ly
= o lﬁi"ll LHLJ
6.3 7.9 24.2 7.9 6.3

As, m

In the arc, M56 is another tuning knob: we can close the spreader-induced bump,
improve transport, and match the longitudinal phase space at the IPs
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E, MeV

n[m]

M PERLE Optics: Multi-turn tuning

Merger

Pass 1

Pass 2

Turn 2
Pass 3

253
171

N

0.4
0.2

A

0.0
—0.21

ALY

3.9

11.0

12.0 12.0

Return passes use the same lattice = mirror Twiss
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n [cm]

Mse [cm]

.';Er'zLE

Turn 3 (250 MeV)

IPAC’26, Deauville, France
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M PERLE Optics: Multi-turn tuning

Merger

Turn 1 Turn 2
Pass 1 - Pass 2

Pass 3

®
.‘;’ERLE

Turn 3 (250 MeV)

3.9

AN
\/ \/

= hor. (M56=4+80cm)
—— yert.(M56=+80cm)

= hor. (M56=+4+80cm) — hor. (M56=-80cm)

— yert.(M56=+80cm) — vert.(M56=-80cm)

\

25.0 8.1 6.5

\

As, m

= Tuning M56 in the Arcs with minor change of beam
properties or introduce a local bump of M56 = + 80 cm
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t PERLE Optics: Multi-turn tuning

Turn 1 Turn 2
Merger Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6 D
253-
T 171
= 1 A et T
;89 st et
40
30- —— horizontal
= —— vertical
E 201 ”
Q
10
0- U
04 /\
c  0.21
I; OO \//\\/r S )
—0.2-
3.9 11.0 12.0 12.0 12.0 12.0 11.0 1.3

As, m

Return passes use the same lattice in reverse order — mirror Twiss
Small deviations from the ideal symmetry can be used for fine tuning.

Multiple optics solutions exist, trading beam size between the merger, linac entrance,
and spreader/recombiner sections.

20 May 2026 Alex Fomin PERLE Beam Dynamics and Optics IPAC’26, Deauville, France



‘. R
EEEEEE

Beam dynamics studies



” Longitudinal beam dynamics — Optimal bunch length

®
.'TDERLE

DOI: 10.1103/PhysRevAccelBeams.27.031603

The optimal bunch length is a compromise between RF nonlinearity and CSR effects.

Tracking throughout the full machine using PLACET2 and BMAD (courtesy of K. André and J. Michaud)

3 mm
bunch length

2 mm
bunch length
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IPAC’26, Deauville, France
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e
M Longitudinal matching for PERLE ®DERLE

Longitudinal matching and control is important for: & WEP5006 (J. Issa)

- EXxperiments requirements IP1 and I1P2

- Beam stability and losses
- Energy recovery efficiency

IP1 (FP)

Mt MY mw e
o,,,p

Tools that we can use:

- Quads for longitudinal dispersion (R56) tuning (Merger & Arcs)

il
- Path length chicane for phase tuning (One for each turn!) /
- Sextupoles for T566, octupoles... “/ i
e T eI " — g
el il Current studies:
02| . ™~ o =1 B - BMAD simulation with absolute time tracking M
S y 0.0 s _
R F " * REF field maps (fundamental mode only)
2 - f = 703 g
o 7 I \ ©-10 / + Path length chicane optimized |
-od © 1Pl s S 1p2
- 200 Preliminary results:
-0.8 -2.5 '
~10 ;Slmm] 0 o e ° - Chirped distribution from booster is helpful - ‘//\
+ Single Turn configuration not optimal for energy spread g
0,: 2.89mm — 2.13mm 0,: 3mm — 2.73mm . _ o o _
Gyt 0.2% — 0.17% Gt 0.2% — 0.17% - Multi-pass configuration is ideal for longitudinal matching
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-
” Merger: cavities and quadrupole static misalignments & co .'TDEI:%LE

Merger C. Cryomodule | C. Spreader Merger C. Cryomodule C. Spreader

Booster cavities static misalignments:

X offset, mm
X offset, mm

normal distribution: oxyz = 1 mm, Gtir = 0.1°

Merger quadrupoles static misalignments:

X profile, mm
X profile, mm

normal distribution: oxy = 0.1 mm

& &
& & 3 T
4.2 1.1 7.9 1.6 5.8
As, m
Booster Merger Com. LINAC
> > > >
BPM 1 BPM 2 BPM 3 BPM 4
Cor.1 Cor.2 Cor.3 Screen Cor. 4 T - - I rati .
wo-step trajectory correction — minimalistic scheme:
BCM > > o
S| ¢SS | Fe¢le [F3e¢ 1. Booster correction: BMPs 1&2, Correctors 1&2
20+ . .
—— horizontal 2. Quadrupole correction: using BMPs 3&4, Correctors 3&4
— 157 | I —— vertical
g
@ 10 / Result:
5_ | | | |
" .
. B : fé * |oss-free passage through the linac
— 0.2 1 - - :
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” First turn: Quadrupole static misalignments .'%EﬁLE

4’ MOP1110 (R. Abukeshek)

» Recalculating the optics of Turn 1 with all (45) quadrupoles misaligned: Misalignment affects the dispersion in both
planes. No effect on Beta function.

» Gradually adding kicker-Monitor pair and observe the next places to mount the BPMs. In each step, the value of the
previous HK_ are fixed from the previous optimization and introduced directly to the lattice

Sprl Arc 1 Straight 1 Arc 2 Merg 1
: — : : ; : 10- Before Correction | | | ' | ' '
161 i —— After Correction
P § | 1 I [f oo 1 mm Limit
14+ : : .
| 5|
12 | l
10 | } -
oo - O.
£ 5 £ My TTEREE o SSe S Tman e NS
Q. >
6<
_5-
4‘
AV VAWATA W\ —107
01 HKO HK1 HK2 | HK3 HK4 HK5 HK6 ; ; : : : . : §
(') 1'0 2'0 30 4b 5'0 MO M1 M2 M3 4 M5 M6 M7 M8 M9
s [m] 0 10 20 30 40 50
s [m]
= positions of all kickers & monitors for the 1st turn are Simulation of 100 beam orbits along the 1st pass
found: 7 kickers and 10 BPMs are needed. of PERLE (blue) and corrections (orange)
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¢ @
” Assessing Corrector-Integrated Quadrupoles for PERLE ®DERLE

g
& THP2103 (A. Fomin)

Compact correctors = nonlinear off-axis fields

Beam size trade-off: space charge < halo from nonlinearity

cERL kick maps (measured) — real-field validation

OPERA + BMAD — emittance, steering, halo impact

— Design limits & lattice placement for PERLE

Field nonlinearity (measured)
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o
M Halo cleaning and collimation at PERLE o PERLE

& WEP5064 (A. Cieplak)

* Limited dispersion for effective
off-momentum collimation

e Dedicated collimation locations identified

e Result: reduced transverse halo factor

* Partial cleaning of the longitudinal halo
population

| Longitudinal phase space
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-
t Conclusions

PERLE project status

04.2026 — HV conditioning up to 350 kV (ongoing) & WEP5090
04.2026 — CsK,Sb synthesized, QE=6.5% & THP2102
11.05.2026 First Electrons !!! 2.5 mA (next day in the Faraday cup) & THP2104

Lattice design & optics

e Single and multi turn operation

e Merger and Arcs with M56 control

Beam dynamics studies

e Longitudinal matching for Single Turn operation + chirped distribution from the booster + M56 in Merger and Arcs & WEP5006

e Static misalignments (Booster cavities + Quadrupoles in Merger and 1st turn) = correction scheme & MOP1110

e Effect of non linear fields & THP2103

e Halo cleaning and collimation & WEP5064

e And many other
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PERLE Contributions:

Do NOT Miss ! dis

Sustainability

Beam Dynamics

O -
¢& MOP1110 Linear imperfection and orbit correction scheme for the PERLE accelerator ¢ MOP7179 Power Balance of the PERLE Energy Recovery Linac (F. Bouly)

(R. Abukeshek)

& WEP5006 Ongoing studies of longitudinal matching for the PERLE accelerator (J. Issa) RF systems
¢ WEP5064 Halo cleaning and collimator optimization at PERLE (A. Cieplak) ¢ MOP7022 Dielectric Characterization of Beam Line Absorber Samples for Next-
¢ THP2103 Assessing Corrector-Integrated Quadrupoles for PERLE (A. Fomin) Generation High Intensity Electron Beam SRF Accelerators (A. P. Ruiz)

¢’ WEP6126 RF coupling choices, power requirements, and their impact on

transients in the PERLE energy recovery linac (F. Bouly)

Injection line
¢’ WEP6146 RF system status for PERLE (F. Bouly)

WEP5089 HOM study of the PERLE’s booster cavity (R. Roux)

WEP5090 Status of the PERLE’s injector (R. Roux) ) )
Diagnostics

THP2104 High current photogun for the energy recovery linac PERLE (M. Baylac)
¢’ WEP6035 Overview of Beam diagnostics for PERLE (M. B. Abdillah)

¢’ WEP6036 Beam positions monitors for PERLE (M. B. Abdillah)

DY QY S

THP2102 High quantum efficiency alkali-antimonide photocathodes for PERLE high
current DC gun (M. De Vos)
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