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Beam driven PWFA at SLAC - FFTB Blumenfeld et al., Nature 445, 741 (2007)
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Beam driven PWFA at SLAC - FACET

* Two bunch PWFA
* Multi-GeV energy gain, few-% transfer eff.

Linear charge a
density (pC mm™')

SLAL  July27,2026

X (mm)

X (mm)

y (mm)
0 5 10 15 25
o ————— — —
| No plasma interaction x1.00
FEPRPETIN BRPRPRT BPUPNE . _ -
Tt
tocus = 20.35 GeV x0.31

Doug Storey | AAC'26 | High-Field Experiments at FACET-II

[ E

F —— Simulation
E Data
[ = = = Core

18
Energy, E (GeV)

(;-ww Od) Aysuep abireyo esiansues)

35

3

£ 25
E
(&)
S

s 2
%
c
]

© 15
2
«©
S

1

0.5

0

Energy (GeV)

Litos, et al., Nature 515, 92 (2014)

Litos, et al., PPCF 58, (2016)

ol T

35Fa b :24
34 J22
33 -
32 \ 420
3y IS 18
30 \ 3
29 f——16
BE- S e 1
27 i1 E
26| g/ 112E

i ( J10™
o~ | ]
24 3 ';8

- _: 6
23f ‘{ ;
22F \l 3

'i R
21 P oy

0 510150 5 10

x (mm) A (pC/mm)

S~



FACET-IlI - A facility for precision PWFA studies

* SLAC linac further divided

* FACET-Il: Demonstrate single stage plasma wakefield acceleration at collider-relevant energy scale
- Single or double bunches from a new RF photo-injector

- RF linac and bunch compressors for precise control of longitudinal phase space
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FACET-II prowdes 10 GeV beams for PWFA studies

SLAC National Acc@wtor Labqrat
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Single or double bunches at 10 GeV
O(10um) emittance, O(100kA) peak currents

Doug Storey | AAC'26 | High-Field Experiments at FACET-II 5



FACET-IlI experimental area

| E.Ros, WG5 M 17:20 |

| J. Park, WG5 Th 15:20 |
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Plasma sources at FACET-II: Li oven plasma source
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Plasma sources at FACET-II: Laser ionized hydrogen plasma
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Topic #1
Multi-GeV PWFA with high beam quality and efficiency



FACET-IlI Goal: PWFA with high efficiency and high beam quality

* Multi-GeV energy gain, with 10’s-% energy transfer efficiency, and beam quality preservation
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What do we need to achieve this goal?

* Peak current of drive and witness bunches O(10 kA)

* Witness (and drive) bunches matched to the plasma density

* Drive and witness transversely aligned, and with the correct bunch separation
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The beam alignment problem - How do you measure it?
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Novel slice BPM dispersion measurement allows for measurement and optimization of critical beam properties
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The beam alignment problem - How do you fix it!

Upstream BPM

Collimators
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Machine learning enables more efficient bunch alignment in this high-dimensional search space
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Maximizing drive-to-wake energy transfer with ML beam tuning

» ML-tuning achieved up to n,4,,~50%
* Single bunch: 1.6 nC @ 10 GeV
* 7.7 J energy transferred to the plasma

Credit: S. Rego,
Ecole Polytechnique

» Statistics across subset of dataset with same compression:
* Epss =6.1+£0.5J and ng4,=38 3%
¢ Emin ~ 2 GeV
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Approaching the energy-transfer scale required for efficient staging applications
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Plasma-based ML optimization of two bunch PWFA

Sextupole tuning with xOp
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ML optimization is now part of routine PWFA tuning, enabling faster, repeatable operation
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Optimizing beam loading to reduce energy spread
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Next step - use collimators to shape the witness

profile to optimize beam loading

By flattening the wake: o, ~5% - < 1%

Overloading in QPAD simulation
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Multi-GeV acceleration with high field-uniformity and efficiency
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Precision PWFA studies at collider-relevant energy scale
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PIC simulations are guiding future progress

" cmoe * QPAD simulations used to better
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Excellent agreement between PIC sims and experimental results
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Pushing the energy-transfer efficiency beyond n;,; = 10%

Total energy transfer efficiency [%]

 New tools have pushed our total efficiency to ~10% while maintaing sub percent energy spread
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Pushing the bounds of energy transfer efficiency, while maintaining high quality acceleration
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Work towards matching and emittance preservation

20 um transverse offset of the witness
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* Transverse offset of the witness bunch leads to emittance growth
* PWFA studies at 1x10%¢ cm™ (4,, goes from 160 pum to ~300 pum)

» At this reduced plasma density:

* Witness energy gain of 1.2 GeV

* Beam divergence increased to g,, ~ 100 urad (factor of 5 over incoming)

o1 AR
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Drive beam depletion in laser-ionized hydrogen plasma source ﬁ@
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Ariniello et al., arXiv:2511.15143 (2025)
Eyare 5.6 J and ng4,= 37 £ 3% in an all-optical plasma source Lee et al., PRAB 29, 041001 (2026)

* Energy depletion of particles to below 1 GeV

Multi-joule energy transfer demonstrated in the laser ionized plasma source
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High-performance PWFA in laser-ionized hydrogen plasma [V tee, W63 Tu14:10 J

Large energy gain
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Optical probing of plasma wakes via dark field shadowgraphy

* Observation of plasma wakes to diagnose wake structures in __ PWFA regime
PWFA and exotic regimes =
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Optical probing of plasma wakes via dark field shadowgraphy /

* Observation of plasma wakes to diagnose wake structures in Wakeless regime
PWFA and exotic regimes E % s
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Topic #2

Ultra-high brightness plasma injectors and brightness transformers

24



UCLA

Plasma-wakefield injector boosts energy and brightness

Gas-jet in static fill
* Meter-scale static fill H2 gas, with H2 gas jet Density

downramp

* Three stage brightness booster:
Stage 1: Plasma lens
Stage 2: Density downramp injection
Stage 3: Plasma Accelerator

10 Gey plasma lens ~sharp ramp for injection
€- beam (stage 1 fitage 2)  acceleration section
\ stage 3) H dipole magn in-vacuum o .
- 2 gas gnhet YAG:Ce crystal in-air DRZ-Fine
Be ::F screen
f'na’ fOCUs,ng W'ndow =3 / '\b’ \ : /
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Zhang et al., Nat. Comms. 16, 10719 (2025) (high resolution) (large field of view)
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Plasma-wakefield energy and brightness booster

* Meter-scale static fill H2 gas, with H2 gas jet

* Three stage brightness booster:

2048 [ Y T T ] T " " " .4096
Stage 1: Plasma lens gf’o .
Edo ol - ol |
Stage 2: Density downramp injection *so I "t s T Lrmssesors ) 100
4 6 8 10 12 20 22 24 26 28
Stage 3: Plasma Accelerator Energy (GeV) Energy (GeV) Energy (GeV)
10 Gev plasmalens  sharp ramp for injection
eam (stage 1)\l (stage 2)  acceleration section
(stage 3) iz dipole ma in-vacuum o ]
2 gas gnet  YAG:Ce crystal in-air DRZ-Fine
Be a—— - screen
e
quadrupoles ‘: ™ oy Dlade
i 2-cm slit no.z beam-j
zl I0nized : B
vl ’ H2 plasma :  !Maging J
’?&n’/\‘ / quadrupoles
. &
2.85m Cameral Camera2
Zhang et al., Nat. Comms. 16, 10719 (2025) (high resolution) (large field of view)
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High transformer ratio acceleration of the injected bunch

* 10 GeV incoming electron bunch * Qutgoing beams:
- Charge: Qp = 1.6 nC - Injected charge: Qy, up to ~40 pC
- Emittance: €, , = 23 mm mrad - Emittance: €, , < ~2 mm mrad
- Energy spread: oy = 0.5% - Energy spread: oz, ~ 1%
- Current: Lygq ~ 8 KA - Current: ??
a 30 b 3
/ P unloaded
e ' ® sl * Extension of this idea:
| iTe] o
> | £ - TeV electron beams from
S22+ttt ttttttt+tt+t+tet"t'ttt41 5 . .
< l g 2 Plasma Acceleration via
gzz- TTTTTT11.0 _] “' TTTT1T1T1 8 Regenerative Cascading
- Zorrtvﬂii‘i‘, --i‘- THTTTTT71T ?1_5_ Zhang and Joshi , arXiv:2607.07979 (2026)
o Data
wrrirtrrrrtrtrrrrtrtrrrrrr ¢ ©_Data shown in Fig. 2 | C.Zhang, WG3 Tu 13:30 |
16 1L . .
0  dQ/dxdE (pC/mm/Gev) 10 > mm  X3x3 0 20 40

Charge (pC)

Plasma injected bunches accelerated up to 30 GeV with transformer ratio greater than 2
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Brightness transformer with high conversion efficiency

* Use the measured energy spectrum to infer the current profile from a

physics informed model of the plasma acceleration process
) z=0.62 m - 118 ym z=0.62 m (injection starts) z=0.62 m + 118 um 2=0.62 m + 236 um z=0.62 m + 354 pm (injection ends) 1 ]
_';‘2 . i 10%31 S L .
¥ a5 £ © ® PIC'simulatign
' o -
e . . : M T— . -5 20 b 3
2 4 6] 8 10 12 2 4 6‘] 8 10 12 2 4 6—1 8 10 12 2 4 6»1 8 10 12 2 4 6~| 8 10 12 E = .
& (cor,h) & (car,) & (ca,) ¢ (ca,”) £ (cw,”) —_— -
<
a 175 e _d -
= <+— beam direction '?:,
— .
17.01 “; 0.1-
—_ 7]
S ]
&S 165 5
= -
w o
16.0 1 ) | — Data = i
- 01% O @ E Drive bunch
00 02 04 06 08 1.0
—- 0.5% For a, d (counts normalized to max)
15.5 ‘ : : : : : : ‘
~05 0.0 05 50 25 0 0 1 2 3 4 5 6
X (mm) dg/dE (pC/GeV)
b _ c 4
c — Expt. _ 0.01 -
SNT I N | 2 0.2 1 10
S . . Energy spread (%)
155 160 165 170 175 o 1 2 3 4 5 6
E (GeV) § (um) Zhang et al., Nat. Commes. 16, 10719 (2025)

Brightness of injected beams up to 38x brighter than incoming bunch
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Stable density downramp injection - next steps

* New fixed length plasma source tested

* Modulated downramp injection

z=0 u"%‘\

3 Xu et al., Nat. Commes. 13, 3364 (2022)
o (d) 1.0
| - s modulated downramp <
5 , grating beams A
~ ) H / msaiL
S E 2
: L~ E 0.45
2 main beam /
[7)] 0.0
5 onde l'pEC‘?GeV)A
o plasma

0 : . : grating

0 5 10 15 k - J 0 104 107 110 113 116 119
Length [cm] o

Credit: C. Zhang, UCLA
Generating stable, low-emittance, pre-bunched beams in a plasma wakefield accelerator
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hhu,

Trojan Horse injection for ultra-bright electron beams

New FACET IP layout

- transverse focus
holed mirror diagnostic

Plasma photocathode

electrons

Ultrabright
electron beam

Habib and Heinemann, et al., Ann. Phys. 2023, 353, 2200655

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

* Collinear Trojan Horse injection
- nm rad-scale emittance L e

oo M| collinear injection

----- f g laser ;

- Application towards future light sources i e

. = — —a difi
Habib et al., Nat. Comms. 14, 1054 (2023) § I : Sk

.« . Ve adeed

......

| B. Hidding, WG6 M 16:40, WG3 Th 14:30, ... |

collinear focus
diagnostic

* Reconfiguration of the FACET-Il experimental
area underway! | N. Thomas, WG3 M 13:50 | [ E.Hartmann, WG5 M 14:50 |

First collinear Trojan Horse injection experiments will take place this fall
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Energy chirp in PWFA beams enable compression to <100 nm duration

Chicane E

[ep

[
!

200 1

= I3
= il 150 = Qoe,
= % o.7§
-560) O 0.68
> 100 5 H, 3
: 89 MeV/um © = MosE
Plasma chirper - C LT o 50 % .
§ ; Q:m 0.2
5 200 0
i 200 400 600 800
- Shot number (sorted by R56)
o | R. Hessami, WG6 M 16:00 |

Bunch Separation (um)

Compression of plasma-chirped witness beams = increased CSR emission as compression is increased
[ Plenary: K. Swanson, Th 10:45 ]
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PWFA studies at FACET-II

15
14

Energy (GeV)

* Multi-GeV acceleration with high beam quality and efficiency

at collider-relevant energy scales

- ~10% energy efficiency with sub percent energy spread

- Next step - emittance preservation!

30
/ Accelerated bunch
28ttt 1T+t tTtttttttttt+ 111 1
]
26 + + + + + + + + + + ++ + + + + + '0 1 E:'é » Plcqbsimulation
t |
24 __l__. ' '&- -
g o
g
20?_?.7, 19. .q "jj_ LAty 4 4 444 %
@ E Drive bunch
g A A R N O O A T T
16 .
—5mm x3x3 b2 1

I am
0 dQ/dxdE (pC/mm/GeV) 10

Energy spread (%)
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10

13+

12

Energy [GeV]
> =

(]
T

Witness energy spread <1%

"DAQ 15833
| Shot 494

V €SS

Ewt = 13.2 GeVT

Qcap = 215 pCJ
Egain = 0.67 J
Not = 10.1 %T

-5

0

5 0 02 04 06

X position [mm] Charge [nC/GeV]

* Ultra-high brightness plasma
injectors and brightness
transformers

Transformer ratios >2
>38x brightness boost
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Thank you!

Questions?

GO FACET-I1 sty imess

ol AR
LS | g \ ~4



Extra materials
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TeV electron beams from Plasma Acceleration via Regenerative Cascading

7,

I

(@) PARC: Plasma Acceleration via Regenerative Cascading

Self-injected trailing bunch
Linear (becomes driver for stage 2)  Spent driver

Self-injected trailing bunch

Spent driver
accelerator l
%-_} A e ."'.. —_— e
45 GeV. Chicane TeV
100 nC beam

PWFA stage 1 PWFA stage 2

(b) Conventional Staging N
Same trailing bunch

mﬂTr‘z:Eng bunch Spent driver l Spent driver
L|near /
accelerators
/ / TeV
beam

Dr|ver PWFA stage 1 PWFA stage N>>2

TeV beams from a two-stage sub-kilometer plasma accelerator
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FACET-IIl provides 10 GeV beams for PWFA studies

o < ="

FACET-II Technical Design Report SLAC-R-1072— —— -

b m—

Two ways to produce 2 bunches at the experimental area for PWFA studies:

1) Single chirped long bunch, collimated to produce lower current drive and witness

l Notch Collimator

o2
(4
A .Q¢
¢ﬁ~<f$

g & —> ToPWFA

FINAL
FOCUS
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FACET-IIl provides 10 GeV beams for PWFA studies

FACET-II Technical Design Report SLAC-R-1072— ——

Two ways to produce 2 biwaches at the experimental area for PWFA studies:

. TCAV Long. Phase Space EOS Temporal Profile
2) Two bunches off the phot& cathode, co-accelerated through the linac g P . mpe —
y 103 | £ 02 1
_ 102} £ o
E 101 Drive 5'0‘2'
) =~ 10 250 200 -150 -100 -50 0 50 100 150
g ED Longitidial position [um]
= o 99
c T -
' 98 Witriess 2 : Drive
9.7 Zo5t |
96 % Witne |
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PWFA in the laser-ionized hydrogen plasma source

Lens A
6mm CaF9

Cherenkov
Detector

Spectrometer

Be Window

EOS Signal (arb.)

o
S

0.0
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Credit: V. Lee, CU Boulder
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Post plasma diagnostics

Plasma

sources Electron and

Gamma Screens

Spectrometer
Dipole

Spectrometer Quadrupoles

uv
Spectrometers

Energy (GeV)

Imaging electron spectrometer
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D. Storey et al., PRAB 27 051302 (2024)
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P. San Miguel Claveria et al., AAC (2022)

* Compton Spectrometer upcoming,

covering a range of 180 keV-28 MeV

UV and XUV spectrometers

Heater off

Heater on - Short Gaussian

| Ll

=8 | L
.w/
w/
-_-»——-—/""/
WMN/

300 400 500 600
Wavelength [nm]

200

300 400 500 600
Wavelength [nm]

200

C. Emma et al., PRL 134, 085001 (2025)
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Laser pre-ionization of Lithium plasma

Laser On Laser Off

* Pre-ionization increases PWFA performance 15 sl
over relying on beam ionization 14 . & o
- ~1 mm wide plasma channel 13 12 r
- Increased participating drive charge = 12 j 04 = 12
- Increased witness acceleration and total efficiency % 1 s %
= C
g 02 ™
8
0.1
pa - 7
"% Probe laser ’ raser on
aser off
6 0 6 :
-10 0 10 -10 0 10 0 0.5
X position [mm] X position [mm] Charge [nC/GeV]
O= 8 9?-":%5;' R . .
*'Li oven + bypasspiers Laser lonized Beam lonized
- | - ) —_— 4 { .
T T — Energy gain, AE,, (4.0+£0.2)GeV  (3.710.2) GeV
Field uniformity, o /AE (23+£0.2)% (3.4+£0.6) %
Total efficiency, 1;0; (5.5+0.5) % (4.6 £0.3) %
Witness charge capture, Q., (68 £6) % (64+£4)%
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Longitudinal Phase Space delivered to the plasma

* Co

ntrol of the LPS is critical for:
Ensuring proper bunch spacing

Optimizing driver intensity for efficient
energy transfer

Beam loading of the wake for minimizing
witness energy spread

* Achieved through combination of RF
phases, collimators, cathode laser pulse
separation

* LPS measured via transverse deflecting
cavity before the plasma
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