Achieving ultrastable RF control for plasma
acceleration at LNAINFN

Advancements in RF stability at the SPARC _LAB facility
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SPARC _LAB facility at LNF @

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

» SPARC_LAB facility was born as an R&D facility to develop a high brighpiest®-injector for SASEEL experiments
» The installation at LNF began in 2004. The first tests on the RF gun and measurement of beam parameters started in 2006

» Many experiments have been carried out over the years:
A SASE and seeded FEL
A Thomson backcattering, THz radiation generation
A Plasma focusing and acceleration (Particle Wakield Acceleration PWFA)
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SPARC LAB facilstiyl NF @

Istituto Nazionale di Fisica Nucleare
boratori Nazionali di Frascati

Today SPARC_ LR multkdisciplinaryexperimentalfacility that combines:
» Highbrightnessphoto-injector:
A 1.6cellSband SWbrazingfree RFgun
<A »A » Booster linac (150 MeV max. energy)
oo

A 2 Sband SLAG/pe TWstructures
A 1 Gband Chtructure

Plasmaaccelerationstagefor PWFAexperiments
» 12 mundulator for FElexperiments(SASE meeded
» Two newbeamlines
A SABINA (FELTtzrange)
A EUAPS (PLASMA sourcbkethtron radiation)
» FLAME laser200 TW (5J, 25, 10 Hz)
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Plasmaaccelerationexperimentsat LNF @

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Over the past decade, R&D has focused on plasma acceleration

Grating iccD FEL spectrum
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Plasma acceleration experiment at SPARC_LAB: First FElasingfrom plasmaacceleratedoeam
Energy gain > 30 MeV in 3 cm > 1 GV/m gradient! nature
Free-electronlasing with compact
beam-driven plasmawakefield accelerator
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LNF future facilityffuUPRAXIA@SPARC LAB

(IR

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

European consortium of excellence labs, 2 sites selected for LWFA (ELI Prague)\ewmd (LNFNFN)

. Beam-driven & laser-driven

plasma user facilities

. National nodes (tentative)

PRAIA

Preparatory Phase -

Laser-driven 5 GeV
e- R&D (EPAC UK)

Laser-plasma Accel. &
3| High Rep. Rate R&D (D)

Laser-plasma
Accel. R&D (F)

Theory &

LNF future facility

» 1 GeV electron linac with a plasma acceleration module to drive 2 FEL Linef
A ARIA (180 nmyrecent funding from Regional Government through

7 Laser R&D (SP)
simulations (P) |

Horizon Europe

ERDF Eu Program
A AQUA (water region, around 4 nm)

Laser-driven site
(ELI-Beamlines, CZ)

' User Data Center (H)

Beam-driven site

(INFN-LNF, IT)
Laser R&D (IT) . EuPRAXIA HQ >
Beamline

» Itincludes a branghew building and ancillary utilities

»  Major investmentfm o n

aev

applications (GR) |*

»  Technical Design Report in the approval phase (end of the year)

»  Building tender to be issued soon (hopefully Oct. 2025)p. completion end of 2029

45 m

160 m

v

[ERCLLLLT
-wmm»mvmmwvmt*::-,\=l *3

N

FYR Ffl AMFKA LJ LINZ 2 ¢|S-Band

1 \! 1 |

X-Band Linac  Plasma Module [FEL Ondulatorsj

Photon Beam lines and transport
to end user stations

Injector

Courtesyof A. Falone
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SPARC_LAB RF system history @

Istituto Nazionale di Fisica Nucleare
boratori Nazionali di Frascati

The requirements oiRF stability (especially EM field phas@htened from< 2ps (RF gun characterization) to10 fs(PWFA)

Multiple upgrades to RF and synchronization systems, to follow the evolution of the facility over the years: SPARC_LAB new LLRF rac
‘RS !o

» Low noise RMO

» Electronic phase shifters for RF stations working point fine tuning
» New photocathode laser locking electronics

» Low-drift cables for reference and RF signals distribution

» Fast intrapulse phase feedbacilystron phase stabilization within the 4.8 RF pulse)

In 2024 a huge RF upgrade took plasew RMQ new digital LLRF systemR&D on intrapulse phase feedback
» Higher measurement resolution and lower noise floor

» Push to the limit the klystron induced phase jitter (GOAL: < 10 fs rms)
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Upgrade motivations:

»

»

»

»

SPARC_LAB new LLRF system

’
4

Custom RMO degraded performance + support discontinued
LLRF fronénd noise limited the achievable phase resolution (50 fs rms)
Signal acquisition with general purpose AD@on negligible fault rate

Fully analog system (w. connectorized componeqis) pulse shaping for beam
induced effects compensation

(IR

Istituto Nazionale di Fisica Nucleare

Laboratori Nazionali di Frascati
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New RMO and LLRF systeninstrumentation Technologies: _ : —
» Improved RMO stability (10 HO MHz integrated jitter20.5 fs @ 2.856 Gz —
. Carr o 250 ot s ot <205
10 10° 10° - c:f?:et - 10° 10° 10 \\ @@‘7
» Frontend: temperature stabilized, 6it ADC @ 119 MS/s, 5 MHz BW T

»

»

»

»

L. Piersant¢ INFNLNF

Independent pulséy-pulse A ands feedback, long term stability (24h): < 100 fs rms

Backend: fully customizable pulse shape, analog VM driven by FPGx, DAC,
16 MHz analog BW

New LLRF control system developed with ER€Sext talk by B. Serenellini

¥

Klystron Loop 3

Required resolution:
A Amplitude: < 0.1% rms

A Added phase jitter < 10 fs rms Courtesy of B. Serenellini
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Intra-pulse feedback motivation and evolution @

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Intra -pulse feedback v1 Intra -pulse feedback v2

Prototype with larger BW,
successfully tested [1] on
SS modulator + klystron at
SPARC_LAB

FEL experiments demanded major
improvements in RF stability.

First implementation adapted from
CW circular machines phase feedback

- | | ; ___| B Requirement for Boosting S -band stability
LOOPON | Vaimm[___1225 improved RF stability with intra  -pulse feedback v3
: ;s d Points 1196
B bk i . Rk L First PWFA experiment A New feedback electronics
- . ake 1 0 0 5 RMS| — 132219% showed the need for A Red Pitaya integrated signal readout
i H | . iati .. e .
5 o min b Ll LLiil) phase jitter below a A Remotely controlled feedback gain
131 . e 1 Variance | 0.0060157733
. :..’;:,-,,ﬂfé_*'- "'i"':: ‘#‘-t':!,,»‘ SidEror|_ 00022027863 few tens of fs A Slow loop to reduce phase transients
T [l R T A Succesfully tested on S -band PFN
wh - modulators + klystrons at SPARC_LAB
& Maximum 1.6096886
Points 1306
5 1 Mean | -2.9379256e-16
. : Median | -0.092634891
' ' RMS| 063517579 :
i LOOP O FF t eviation m“ 5 MW K3 FWD (not saturated)
i i i ¥ Vanance| 040375745 | -
e 0 20 40 60 80 100 120 ? Std Error | 0.017582826 . . .
Skewness| 019770408 [1] L. Piersanti et aPhotonicsl1 p.413 (2024)

time
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Intra-pulse feedback v3 @

U p g rad e m Ot |Vat| O nS : Istilulnr:azi!male di Fisica Nucleare

Laboratori Nazionali di Frascati

» RF phase comparison stage optimizé@duced sensitivity to variations in the LLRF drive level)
» Onlyone Red Pitaya ADC/DAC modulsed to achieve a more compact architecture

» Remote interface for feedback gain fine tunirfgom control room

» Prototype chassis 1:1 copy of working systeneasier deployment at SPARC_LAB facility

LLRF

----------------------------------------------------

pomt PS

System deployment at SPARC_LAB:  Working E

» Prototype of $and intrapulse feedback v3 developed, validated in lab, and installed at
SPARC_LAB for beamline tests (late 2024drly 2025)

» New electronics tested on botht&nd RF stationdriven by PFN modulators

Phase Detector

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

Error Amplifier :

. . -Waveforms
Measurement description

» RF pulse phase evaluated averaging the waveform within a configurable window
» 30 consecutive pulses acquired (5 Hz rep. gafeseconds acquisition)
» Phase jitter quantified as the RMS of the-@llse dataset
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Intra-pulse feedback v3 block diagram

Nrroramplifier

PD out

LLRF driv, N
RFsignals

KLYfwd control
> J

¢ redpitaua

STEMLABR25-14

2x 14bit 125 MSSADC
2Xx 14Dbit outputs

L1

(IR

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

— ACTUATO

4 N
BUFFER

board
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RED PITAY,
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Erroramplifier control:

A FBK gain
A W.P.

A FBK ON/OFF

A X

ADC/DAC

\ J
X

Y

[Contro! Systerﬂv

XilinxZynq7010 FPGA, Ethernet remote access
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Intra-pulse feedback v3 gain scan ’ @

Istituto Nazionale di Fisica Nucleare
boratori Nazionali di Frascati

Gain scan
» For both RF plants, a fine scan of the feedback gain was performed
» For each gain value 5 minutes of data acquisition were recorded and the average jitter computed

» Both plants show wide regions were the jitter stays below the project stability limit

For EUPRAXIA@SPARC_LAB, the total jitter ofithaSRF plant should be < 20 fs RMS

Including the reference distribution jitter (10 fs RMS, worst case), the klystron jitter should/ige= p m p ® fs RMS

Klystron 1 . IKIystrron 2r
Error Bar Error Bar
—~ 24.00 —— Jitter —~ 24.00 —— litter
) D)
= =
X 4
w ey
=20.00f =20.00
@ @
£ SPARC_LAB limit = 17.5 = EUPRAXIA@SPARC_LAB limit = 17.5
e T st~ st i S E ( S TR T A A . L R T e
2 2
w L L
p 16.00 p 16.00 (1.50, 14.57)
o (2.70, 14.93) =
12.00 y * : - 12.00 * * ' * :
1.40 1.80 2.20 2.60 3.00 3.40 075 1.00 125 150 1.75
Gain Gain

» The same scan would have been much more time consuming in the previous releases (variable resistor in the RF chassis in the
modulator hall)
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Intra-pulse feedback v3 shoeterm measurements @

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Example of phase measurement with optimized gain
» Comparable performance for both RF plants

» Oscillations on klystron 2 still to be addressed (PI gain too high?)

- - - - -

-62.4 124.4

Klystron 1 FWD Klystron 2 FWD

6391 Gain: 2.7 1 12291 Gain: 1.5
Jitter RMS14.9 fs Jitter RMS:14.6 fs
-64.4 : : : : 122.4 : : : :
0 1 2 3 4 5 0 1 2 3 4 5
Time (min) Time (min)

RF power plant Intra—pulse feedback release

Klyl RMS jitter Tn ¥a Hn THa mp Ta
Kly2 RMS jitter F mMmnn Haop Ha mp TFa

\/Gain remote control
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Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

RF stability is a key challenge for plasma acceleration experiments alLNFFN

After a major upgrade of the RF system, the sensitivity to phase and amplitude jitters has significantly improved,
enhancing the guality of measurements performed during operation

In parallel, continuous R&D on intpulse phase feedback is being carried out to push the stability of the RF power pl
to their limits

Currently, we have succeeded in reducing the klystron phase jitter from hundreds of femtoseconds down to 15 fs,
effectivelyd G N} yaF2NX Ay 3¢ 2f R -f@he-arisaliRstizte brienXeBms afyhdse stadbilityh & S

Reaching thd 0 fs limithow seems feasible, pushing the feedback performance even further
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Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Spares
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Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

~SPARC:LLRF2:ad1:ch3:K2 FORWARD

Refresh Rate Offset [us] Duration [us] Counts
.2 second ~ 5.200 1.000 50
— Power & Phase jitter
» X £ AH-a sl »
RESET AVERAGE
3
P Power average [MW]
e 22004
s
= Power jitter [%]
| 0.068
M T T e e T errneree
10 20 30 40 S50 60 70 80
Time [ps]
loc://power MW:K2FWD Power [MW]
SPARC:LLRF2:ad1:ch3:amp_phase.PHASE_REMOTE loc:/histogramCounts_amp:K2FWD
o »  RESET GRAPH x|2& & rlxaa)eE »
E- o Max Graph Samples : Phase average [deg]
EO :—? 5000 _o_- ------------------------------
v o :
> 2 Current phase [deg] »
[ ™ c
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o ) 22019
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0 1000 2000 3000 4000 5000 84190 84 200 84.210 84220
Samples Phase [deg]
loc://amp_avg:K2FWD loci/ph avg:K2FWD loc:/histogramCounts_phase:K2FWD

L. Piersantc INFNLNF Low Level RF Workshop 1216 October 2025 Newport News (VA),



Plasmaaccelerationexperiments INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Over the past decade, R&D has focused on plasma acceleration and beam focusing with plasrreHeREEEXIA@SPARC_LAB new LNF fa

Plasma characterization Plasma acceleration

_ EOS trace
Gband

Ruads Sband 2 Sband 1 RFgun
Plasma
................ ('( - (((.‘ 00 - ‘ --® I
anole
,,,,, Solenoid
Energy spectrum + )

A. Biagioni et al., JINST 11.08 (2016): C08003

Focusing with activeplasma lenses

First plasma acceleration at SPARC_LAB: Second plasma acceleration experiment at SPARC _LAB:
Energy gain =4 MeV in 3cm (133 MV/m) Energy gain > 30 MeV in 3cm > 1 GV/m gradient!!!
o Witness beam before acceleration  Witness beam after acceleration
f H nature, LETTERS \
‘ phy SICS https://doi.org/10.1038/541567-020-01116-9 0 " / b v ¥ ¥ v v L] e 0.5
¢ B . o ) osf } -
Energy spread minimization in a beam-driven !
plasma wakefield accelerator = 1 —
E |
" R. Pompili©'%, D, Alesini', M. P. Anania®', M. Behtouei', M. Bellaveglia', A. Biagioni', é é s A
F. G. Bisesto', M. Cesarini©'2, E. Chiadroni', A. Cianchi®, G. Costa', M. Croia', A. Del Dotto ™', o 1.5F @
'S D. Di Giovenale', M. Diomede', F. Dipace @', M. Ferrario', A. Giribono @', V. Lollo', L. Magnisi', g E '
- M. Marongiu®', A. Mostacci®?, L. Piersanti®', G. Di Pirro', S. Romeo’, A. R. Rossi*, J. Scifo', > b 2 0 ﬁ
E2T V. ShpakoV', C. Vaccarezza', F. Villa®' and A. Zigler'® 2f ) . !
- 3 ) ) ) ) ) "‘. ) P EEN TN X N ) L B
= 84 86 88 90 92 94 96 98 100 102 10 118 120 122 124 126 128 130 132 134 136 138
Energy (MeV) Energy (MeV)

R. Pompiliet al., PRL 121.17 (2018): 174801
R. Pompili et al., Appl. Phys. Lett. 110.10 (2017): 104101

Courtesy of R. Pompili and A. Giribonc
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First FElasingfrom plasmaacceleration

(IR

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Over the past decade, R&D has focused on plasma acceleration and beam focusing with plasrreHeREEEXIA@SPARC_LAB new LNF fa

FEL spectrum

&.

Grating iccD

'»

Undulators

Singleshot spectrum of SASE FEL radiation at 830 nm

Energy spectrum

SASH-EL driven by PWFA beam

Quadrupoles
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Ch|cane
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SEED A 3
laser :---I}-i
+ a

Exponentialgain of FEkadiation energy

|¢:'
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RFgun

= = (D D () =

Solenoid

First FEllasingfrom PWFA

Y (mm)

5
| ol ’ nature
A4.5“ = P — H . _— .
E :_‘ » " Explore content v About the journal ¥ Publish with us v Subscribe
E 4f - .
3.5 ] P
‘ wr? * Article | Published: 25 May 2022
37’80 800 820 840 860 880 . L Free-electron lasing with compact beam-driven plasma
Wavelength (nm) R EEEEEE R wakefield accelerator
le E [}
Seeded FEL driven by PWFA beam
] ~1uJ(SEEDED)
laser 102k 'y 3
= st __4 ~30nJ(SASE)
Simulation _— —

S a0 o ?f_,_--—f"

£ 10 =3 ; - * Data SEED:

w ¥ e —Fit SEED

N —  Data SASE - PHYSICAL REVIEW LETTERS
1071 o =N [~Fil SASE | 1 Stable Operation of a Free-Electron Laser Driven by a Plasma
- SASE sim Accelerator
SEED sim M. Galletti et ol
104 i i 5 Phys. Rev. Lett. 129, 234801 - Published 29 November 2022
5 2 4 6 8 10 12
780 790 800 810 820 830 840 850 860 870 Und (m . .
(m) Courtesy of R. Pompili and M. Galletti
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Plasma synchronization: why we need fs stability INFN

Istituto Nazionale di Fisica Nucleare
boratori Nazionali di Frascati

Fluctuationsin the arrival time of electronsin the plasma reduce thefficiencyof acceleration

—p €300 um 1
&= 1THz(RFequivalen)

2.856 GHz R
05 Plasmawav
ldeg@ 1THze 3fs

0.5

amplitude (arb. units)
o

Unfortunatelythe keyparameterfor controllingthe beamarrivaltime
on the plasma time scalisthe stability of the 3 GHz RF!

0 100 200 300 . 400 500 600 700

1° rmsjitter in the plasmacorrespondgo e 0.003 rmsat 3 GHz time (ps)

For RFstructuresat 3 GHZhe state of the artphasejitter is 0.01-0.02° rms X350 zoom

e- beam

R&D on multiplefronts: 1

» ReducingRF klystron jitteri(itra-pulsefeedback '*“5 09

» ReducingRFlaser relative jitter i

» ImprovingLLRF systemmeasurementensitivity %_0,5

7o 0.5 1 15 2
time (ps)
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Intra-pulse feedback v2 longrm measurements INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Longterm stability measurements; April 2025
» Before deploying new feedback release, 8 hours stability measurements were conducted
» Drifts are minimized by slow feedback system
» Measured values are coherent with measurement uncertaintyl+3 fs
» Overall larger jitter of line 2 due to nemptimized gain (manual variable resistor)
» The lack of remote gain control makes the optimization process-toresuming and nearly impractical during operation

GUNFWD GUNPROBE ' AC1FWD AC2FWD
-134.5 -169.0 206 141.1
Jitter RMS: 0.018 (17.8 fs) Jitter RMS: 0.02 (19.1 fs) Jitter RMS: 0.029 (27.8 fs) Jitter RMS: 0.033 (32.4 fs)
|
-135.0 1 1 -169.5 : 2011 1 140.6
3 105 a5 1700 pesenmssnmpeeest | 5 oo ERAMGRAMAMMNAARY 2o L R
£ L £ L
[l o o o
-136.0 1 1 -170.5¢ 1 1917t 1 139.6
-136.5 : : : ' -171.0 * : : : 18.6 139.1
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time (min) Time (min) Time (min) Time (min)
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SPARC_ LAB consolidation: the SABINA project

» Ly
consolidate the SPARC_LAB linac

» The RF systemsvolvedin this machinerefurbishmentare:

A 3x digital LLRF systems:2&and, 1x éand (Tech
A 1x RMOITech

A ifficultieswith currentmanufacturer(potential issuein case of HW

faults)
A 1x Gband Solid State modulatoS¢andiNovi

» New temperaturestabilizedLLRF rack in the SPARC bunker

A 3x LLRF systems

A RFreferencedistribution from PC laseoscillatorpulses

L. Piersantg INFNLNF
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Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati
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