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Why extreme particle beams?

General Accelerator R&D Program

4 Grand Challenge Two

Accelerator and Beam
PhySICS Road map Beam Quality: How do we increase beam phase-space density by orders
e —— of magnitude, towards the quantum degeneracy limit?

September 6-8, 2022

“Quality” Grand Challenge Roadmap
BEll BN BN B EE N @

High-brightness beam generation and preservation

High-peak current (100kA-class e-) beams generation and Ultrahigh-peak current bright e-beams by mitigating CSR emittance growth
characterization, benchmark with CSR simulations (MA current, 0.1 um bunch length)

* Accelerated beams are unique probes of the natural world.

* Advances in our understanding of Nature come with
Improvements to beam brightness, intensity and control.

,,,,, * Next generation experiments will require extreme beams with
@ ENERGY s:one tailored properties beyond the state of the art.

Extreme beam research in line with GARD ABP roadmap
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Science enabled by extreme beams

New Collider Concepts

Yakimenko et al., Phys. Rev.
Lett. 122, 190404 (2019)

Rosenzweig
etal., NIMA
653 11 (2011)

(" Attosecond light sources
Egnma etal., APL Photonlcs 6, 076197 (2021)

Und. length 90 cm
Pulse Energy = 0.7 mJ
| FWHM = 189 as

S

10.8

w

10.6

[\

Current [MA|

—
=

Radiation Power [TW]

1 1.5
Time [fs]

Strong field QED

Matheron et al.,
Communications \{
Physics 6 141 (2023) '%DNZ\S“ l

4 Laboratory
Astrophysics

Macchi, Pegoraro,
Nature Photonics 12, 314
g0183 ) .

enedetti, Tamburini,
Keitel, Nature Photonics
12, 319 (2018)

Extreme beams enable broad swathe of HEP and fundamental science experiments

LINAC August 20, 2026, Daejeon

C.Emma

Experimental generation of PW e-beams at FACET-II
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Current state of the art

Peak Current and Bunch length for single-pass e-beam linacs

° Plasma-based
compression

1000.00

FACET-II LH Shaping
100.00 ')

Current state of the art
e e e e e -

® @ LCLS nonlinéar FACET high fiel

LCLS XLEAP 1I’ compression ®

) Y
SIOM LWFA FEL : DESY FLASH

Peak Current [kA]
o
o
S

LCLS dispersion
eompensation
2

1.00 I UCXFEL - LCLSSASE
LCLS short pulse

0.10

0.01 0.10 1.00 10.00 100.00
RMS Bunch length [fs]

Extreme beams will be 1-2 orders of magnitude beyond state of the art
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What are the challenges with extreme beams?

Extreme beams are hard to generate

Energy

Z P. Emma High Brightness Electron Beam

\ '
Magnetic Compression: _/__ r'/__j < D
Physics and Compressor Design (2002)

e Radiation during bunch compression can spoil
beam quality in traditional compressor designs

Ll L v

—_ . oz #1.51
A~e® (analytic) < oplp= 0.3;;:6

—— Aye™ (analytic) 0-

1 ©  Tracking with 1d CSR |
10 F * l

Tracking with 2d CSR |3
-10 0 10 0 10

delta_t (fs) pCMeV/c

Emittance growth A-ye [pm-rad]

W. Lou, Y. Cai, C. Mayes, G.
White Proc IPAC 2021
WEPAB234
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What are the challenges with extreme beams?

Extreme beams are hard to generate Extreme beams are hard to measure

Energy

Z P. Emma High Brightness Electron Beam

I
Magnetic Compression: _/___ r'/_[_'j < D
Physics and Compressor Design (2002)

e Radiation during bunch compression can spoil
beam quality in traditional compressor designs

Wire scanner... Metal foil...

drilled

g

shredded

1 ©  Tracking with 1d CSR
10 * Tracking with 2d CSR|3

T T T '
| oz #1.51
A~e® (analytic) < ‘ oplp= 0.3;1‘:6
—— Aye™ (analytic) 0t A
. 7
1 ™

delta_t (fs) pCMeV/c

Emittance growth A-ye [pm-rad]

. %J“
W. Lou, Y. Cai, C. Mayes, G. 4
White Proc IPAC 2021

WEPAB234 YAG crystal... B window...
swiss-cheesed opened

0 10 20 30 40 50
rms Bunch Lengthaz [zm]



How can we address these challenges?

Ayfory

Laser-based compression

Laser :
Wiggler .
e-beam Linac 3 _ [H]IH]]IH]H | Linac Ghitane Undulator .
> P—{ljlill— - TG - - -
T x-rays

FIG. 1. (Color) A schematic of ESASE x-ray FEL.

A. Zholents, PRSTAB 8 040701 (2005)

* Lasers can impart localized chirp to e-beam

* Chirp can be compressed to increase the
current while preserving beam brightness

8 o

6 b)

4 4

2 . 3 ‘

- = : i

-4 M
=75 =b=2.5 B 2.8 5 T.d 10 -6 -4 =2 0 2 4 6

Time (fs) Time (fs)

LINAC August 20, 2026, Daejeon C.Emma

Experimental generation of PW e-beams at FACET-II
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How can we address these challenges?

Laser-based compression Plasma-based compression
=
LaLT:;c $ Wiggler iR Chicane T \I Chicane .,
i WT O TN - T ’\_’ ’ g

Eb
FIG. 1. (Color) A schematic of ESASE x-ray FEL. _L_. z
A. Zholents, PRSTAB 8 040701 (2005) L&Y}

/L’,/f Quadrupole triplet 1
. _ , ,
Lasers can impart localized chirp to e-beam Plasma chirper T

. . Drive + witness
Chirp can be compressed to increase the electron bunches

current while preserving beam brightness
Ideal for extreme compression

Ayfory

A NO N & O ®

1S
([ J

Large fields = large chirps -
=3 $ H small bend angles = less CSR

Small slice energy spread -
small final bunch length

¢
C
¢
¢

-7.5-5-2,.5 0 2.8 5 7.5 10 -6 -4 -2_0 2 4 6
Time (f5) Time (fs)

LINAC August 20, 2026, Daejeon C.Emma Experimental generation of PW e-beams at FACET-II



How can we address these challenges?

Ayloy
OB NOCNS O ®

Laser-based compression

Lin.

ac

Laser Wiggler
Linac j
e-beam

Undulator

- T OO - - - >

Plasma-based compression

\] Chicane

Extremely compressed beams need to be measured with non-
Intercepting diagnostics

current while preserving beam brightness

=19 =5=2.5 0 2.8 8 .5

Time (f5)

LINAC August 20, 2026, Daejeon
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ey
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g

C.Emma

Ideal for extreme compression

* Large fields - large chirps -
small bend angles - less CSR

* Small slice energy spread -
small final bunch length

Experimental generation of PW e-beams at FACET-II



https://journals.aps.org/prab/accepted/10.1103/ggd1-pt1y

Laser based compression for 100 kA beam generation at
FACET-II
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Laser shaping for PW beam generation at FACET-II

PHYSICAL REVIEW LETTERS 134, 085001 (2025)

Spectral Shaping

© Rlaser . .=

P,

RF Gun

" Modulated IR Spectra

=Y

Normalized Cts
=] o
(2]
Qo (4]
a5
(2}
o

~
3]
a

A [nm]

| Variable Delay

—_— 1

Modulated Energy Spread

Editors Suggestion

Experimental Generation of Extreme Electron Beams
for Advanced Accelerator Applications

C. Emma®, N. Majemik®, K. K. Swanson, R. Ariniello®, S. Gessner®, R. Hessami®, M.J. Hogan®, A. Knetsch®,
K. A. Larsen®, A. Marinelli®, B. O’Shea, S. Perez, . Rajkovic®, R. Robles®, D. Storey®, and G. Yocky
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

® (Received 18 November 2024; accepted 31 January 2025; published 27 February 2025)
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modulation

Y

@ Laser Heater
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Laser shaping for PW beam generation at FACET-II

PHYSICAL REVIEW LETTERS 134, 085001 (2025)

Spectral Shaping

© Rlaser . .=

P,

RF Gun ~

Modulated IR Spectra

©

=Y

Normalized Cts
o
(4]

0
765
760
Apmp 75

| Variable Delay

Modulated Energy Spread

Modulated Current Profile

Editors Suggestion

Experimental Generation of Extreme Electron Beams
for Advanced Accelerator Applications

C. Emma®, N. Majemik®, K. K. Swanson, R. Ariniello®, S. Gessner®, R. Hessami®, M.J. Hogan®, A. Knetsch®,
K. A. Larsen®, A. Marinelli®, B. O’Shea, S. Perez, . Rajkovic®, R. Robles®, D. Storey®, and G. Yocky
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

® (Received 18 November 2024; accepted 31 January 2025; published 27 February 2025)

Bunch Compressors \

(2] (3
A Before Laser Heater After Laser Heater 10.2 -
>'10.1 <
3 s
O . =
D 1. i ............. = fs current spike =
| £ 5 10 -l 0.05 6
i ’ = |ps energy b "5-
moduTIatlon ch 9.9 a
- 9830 o 200 000
3 Time [fs]
@ Laser Heater
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PHYSICAL REVIEW LETTERS 134, 085001 (2025)

Experimental Generation of Extreme Electron Beams

Laser shaping for PW beam generation at FACET-Il s isrm

Spectral Shaping 0 Modulated Energy Spread Modulated Current Profile o UV-Vis Spectrometer
3
@ IR laser X 4 ©
= ; A Before Laser Heater After Laser Heater 10.2 1 —¥ioan ‘ i i
Ve | 0.10 0.8 l--/Mean +/- Std Deviation -
% 10.1 Z' ! l'.y‘
| VariabIeVDeIay a5 l O, fs current spike %" ‘g 0.6
= £ 5 10 —— 0.05 3
i  [ps zmlergy b g 004t
modulation ’ <
RF Gun — £ w 9.9 ] O 02l
b
9.8 0.00 0 e :
- 200 0O 200 300 400 500 600
Energy - Time [fs] Wavelength [nm]
@ Laser Heater

o Modulated IR Spectra @ Radiation Diagnostics (@D

/ Bunch Colnpressors \‘ © Experimental Area a *  X-Rays

- UV-Vis Radiation Y-Ral{s
—tH- " 4 HA— - m

Plasma Interaction Region Electron Spectrometer ?

=Y

Normalized Cts
o
o (4]

~
(o2}
(5]

~
(2]
o
~
o
(&)

A [nm]

Original work done on LH Shaping experiments/sims at LCLS/LCLS-1I: Marinelli et al., PRL (2016), D. Cesar et al PRAB (2021), S. Li et al APL (2024)

Experiments at FACET-II generate ~fs-duration ~0.1 MA current

LINAC August 20, 2026, Daejeon C.Emma

Experimental generation of PW e-beams at FACET-II 13



PHYSICAL REVIEW LETTERS 134, 085001 (2025)

[Eiton supgenion ]

Experimental Generation of Extreme Electron Beams
for Advanced Accelerator Applications

[ ] [ ] | ] | |
C. Emma®, N. Majemik @, K. K. Swanson, R. Ariniello®, S. Gessner®, R. Hessami®, M. J. Hogan®, A. Knetsch®,
K. A. Larsen®, A. Marinelli®, B. O’Shea, S. Perez, 1. Rajkovic®, R. Robles®, D. Storey®, and G. Yocky
> al Accelerator Labo iforni

SLAC Nationa boratory, Menlo Park, California 94025, USA

® (Received 18 November 2024; accepted 31 January 2025; published 27 February 2025)

Heater off Heater on - Short Gaussian
l I l—Single lShot l l I

Simulation
= w it @ = 0.60 fs

Normalized Spectral Counts

x103

200 300 400 500 600 200 300 400 500 600
Wavelength [nm] Wavelength [nm]

CSR spectra reveal RMS bunch length of LH seeded current spike O(1fs)
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PHYSICAL REVIEW LETTERS 134, 085001 (2025)

Experimental Generation of Extreme Electron Beams
for Advanced Accelerator Applications

[ ] | ] | ] | |
C. Emma®, N. Majemik®, K. K. Swanson, R. Ariniello®, S. Gessner®, R. Hessami®, M.J. Hogan®, A. Knetsch®,
K. A. Larsen®, A. Marinelli®, B. O’Shea, S. Perez, . Rajkovic®, R. Robles®, D. Storey®, and G. Yocky
SLAC National Accelerator

. Perez, L.
Laboratory, Menlo Park, California 94025, USA

® (Received 18 November 2024; accepted 31 January 2025; published 27 February 2025)

Engrgy Sgectra During Notch Sgan Electron Energy Loss With Heater on/off

%‘ 10.5 I ' 100 - Example Energy Spectra | Mean = 9.7 GeV
) ® ‘A Min=97Gev T 1 |
- . 2 %015 w| j |
8 : B .% Min = 8.1 GeV ] |
© FTeE - u 60rE . !
= ||/ : l 8 102 'Mean = 8.6 GeV
L ‘ | | | (4} 40 L 105 10 95 9 8.5 l
c R A e | Q Energy [GeV] I
-g 8 | Ia l : | l \||. “ | ‘ | g 20 - Heater off :
O 1 T T T 1 l
uij ' (a ‘ 22[;‘;22,3""“’; B | | | 1] 2 ) “iHeater on| L
-1.5 -1 -0.5 0 0.5 1 1.5 7 1.9 8 8.5 9 9.5
Notch Collimator Position [mm] Minimum Electron Energy [GeV]

Current spikes enable controlled ionization of gas targets relevant to AAC applications
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Experimental Generation of Extreme Electron Beal ms
[ ] [ ] [ ] [ ] for Advanced Accelerator Applications
C. Emma®, N. Majemik®, K. K. Swanson, R. Ariniello®, S. Gessner®, R. Hessami®, M.J. Hogan®, A. Knetsch®,
K. A. Larsen®, A. Marinelli®, B. O’Shea, S. Perez, L. Rajkovic®, R. Robles®, D. Storey®, and G. Yocky
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
® Ceiv November 2024; accepted 31 January 2025; published 27 ruary 2

Electron Energy Loss With Heater on/off

Energy Spectra During Notch Scan

;10'5 - 100 Example Energy Spectra | Mean = 9.7 GeV

8 10 o ovs : »w . g “,Min:gfeev iy 1

3 Extreme have been delivered to user experiments e.g. brightness

i booster (see D. Storey’s talk after this)

2

© 8} — SRR {1 = ZU[mwHeater on

gl | ammeer T [TTT] =7 [imestoronl [ (b)
-1.5 -1 -0.5 0 0.5 1 1.5 7 7.5 8 8.5 9 9.5

Notch Collimator Position [mm] Minimum Electron Energy [GeV]

Current spikes enable controlled ionization of gas targets relevant to AAC applications
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Next steps - advanced heater shaping modes

* Two bunches with variable spacing * Multi-spike for resonant PWFA
Low laser 102 High laser
§lo'2 energy g energy 0125 At Laser
= > S Heater
S 10 g 0 $ 0.124
& e - &1‘ P
9.8 Y 0.8 LA el G
~100 0 100 -100 0 100 c 0.124
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g5 Laser energy scan B -
T BN ] —2000 0 2000
3.0 2 i
55 10.2 At
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=
=

Current (kmA)

LH energy (MeV)
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w o

Energy [GeV]
=
o

o
©

-100 =50 0 50 100
z (microns)
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Next steps - advanced heater shaping modes

* Two bunches with variable spacing * Multi-spike for resonant PWFA
102 Low laser < 10.2 High laser
> energy v energy . .
& 2 Preliminary experimental data from FACET-II 6/2026
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9.8 M‘ 0.8 b\ sk ™ - . 9 I"“ T i i i I . "
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Plasma based compression for MA beams
and attosecond X-rays

19



Plasma-based compression for MA beams

Chicane

— 7

B
-

’\
| opF

Drive + witness
electron bunches

Ideal for extreme compression

* Large fields - large chirps =
small bend angles - less CSR

* Small slice energy spread -
small final bunch length

/L’//f Quadrupole triplet
Plasma chirper

Bunch duration FWHM (um)

102 I
101

10°;

1071

102}

Chirps of 100 MeV/um measured at
FACET-II

Compression down to 10s-100 nm possible

Chirp (MeV/um)

Il, 05 (%), ey (um)
\ 0.01, 0.1
M —— 0.01, 10
o 0.1, 10
i \ T — L — 1,10
'.\/\ o
i e =
, l :
MAEe s
6 50 160 150 260 230

Simulations explore extreme beam parameter space and reveal trade-offs for different applications

LINAC August 20, 2026, Daejeon

C.Emma

Experimental generation of PW e-beams at FACET-II
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PAX: a Plasma-driven Attosecond X-ray Source

Large plasma fields Ny @] ] e
impart large energy chirp S| T~ Ire 3., 3C=-
5532 gy o - : B .
' sg‘ 3t Current [a . u] 31;) 3t M "iie
= = P
: 28 ' - - 28 =
Weak chicane compresses 4 E; 0 2 AS 105 0 05 113
. 1 Ti
e-beam to as-duration T“Fe 5 ime [£5 — -
Bl PWFA Stage Witness Drive Focusing T “ | ‘Atgﬁ‘;nd
Beam Beam Beam &= » .
- — /‘ — - - Bunch — =y -
) % ' —— Compression “
Beam is bunched at soft X- ¢ b l
12 . . 7 - . . Photon Energy 125 eV
ray Wavele ngthS 104 :Ir\ziefnsilele.:ﬁzr[g(y;ﬁread [10-1] X 6} i~ | Und. length =90 cm
Rel. Energy Chirp [%/um)] ? ? 4l Pulse Energy = 0.7 mJ 108
gt 2 5t = FWHM = 189 as =
' g °f 54- 53 062
' 5;‘ %03- CéZ' ~0.4§
Pre-bunching relaxes of gz- : -
1t 4 "% 1Y.4
tolerance on energy spread, Il N s 8 ( 1 [ 19 = AN @)
. . . - . 5 10 15 20 25 30 : . :
emittance, pointing stability ¥ ikt gl g Wavelength ] Y ey 7

PAX combines benefit of HHG sources and attosecond XFELs — complementary to LCLS

LINAC August 20, 2026, Daejeon

C.Emma Experimental generation of PW e-beams at FACET-II 21



Plasma-based compression experiment at FACET-I

Plasma Sources Chicane + bypass line Spectral Measurement Setup

UV/Vis Spectrometer Camera
- Gas Jet 180-1090 nm

Credit D. Storey
i =10 —10"om™ .‘ 50-290 nm
; Camera | i - — — i L Scintillator
vuv 32 ;

- Li Oven il
ne = 10" — 10?7’ cm3 wii- :l []

Wall

)

—
o

=

. e XUV_PHOS
- Statlc fl” UVdiode T} %
e beam
.
t EDC chamber

Picnic Basket Plasma Oven —Peihire Chicass s"'&";":‘” PDC Chamber - — Dump

Location Chamber

> .
- o. .....

Planned experiments at FACET-II to explore extreme compression in upcoming run
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Hardware installation

Chicane + mover installed on beamline (Feb 2026)

Happy faces!

DSC-000078093
 WT 1506418

A
i ui‘: o
T Lo

Magnets and mover installed and commissioned with beam

LINAC August 20, 2026, Daejeon Experimental generation of PW e-beams at FACET-II 23



. . . ~inaly
First plasma + chicane results prel\™
Lithium oven plasma Hydrogen plasma
Interference observed between two magnets - fringe Evidence of beam compression with
spacing controlled with dipole field increasing magnetic field
g8 DAQ E338_14896 1 1000 200 E (1)9
= e N R
y E s B 50 = oo,
3 € g - | H | ‘ | %) 0.7§
~ < il ke, I 0.8 5
;2.5 g § ) E) 600 " ‘w ‘ 100 (ED 0.5%
2 : - g 400 50 % Nos
15 = o 0.2
| - 200 0
200 400 600 800
DISD 200 400 6[I|D BEI]U 1UIUU lEID[ 200 400 600 800 10000 ShOt number (Sorted by R56)

Wavelength [nm] Shot Number

First experiments observe coherent emission from beam after plasma exit
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Summary and outlook

Extreme electron beams will be the beams of the future, | At FACET-Il we have started generating, characterizing
serving experiments across scientific domains. these beams and delivering them to users.
S Heater off Heater on - Short Gaussian
10.2
0.10 )
=10.1 < 2
9 fs current spike . g
510 ol 0055 i
3 5 3
w 9.9 O s
yi
98— o 200w
Time [fs]
0 N avelenginlom) - Wavelength fom
Plasma-based compression will further push currents A dedicated program exists to exploit extreme beams for
from 0.1 to 1 MA and bunch length from fs to as attosecond XUV/X-ray generation.
& - : - - : 5 Photon Energy: 125 eV 1 - Tm’:lo Taper 5
; & =" | Und.length=90cm 3 il ;z:
- N I—‘_’z Chicane “ . %, 34 :/, E‘4 g%s:lﬁn;irlgggzsm mJ 0.8 . .u!; Ez;
—‘L—’z { : (( 232 T i g 3 0.6 = o s0 100 2nm) 150 200 250 % 20 ‘jo(ess” % 100
T L()*Y B &:}5 : Attosecond L: 2 y ? Negative Taper
M Quadrupole triplet _x_.z & 3 Current spike % o - = ey (e — = g;
Plasma chirper T H ”,35 1 027 E ‘.7?:
Drive + witness 2.8 : . - w §u
electron bunches <15 =l -0.5 0 0.5 1 1.5 00 0.5 1 1.5 2 2,2 - 2 (3\0/ s
Time [fS] Time [fs] @ e

FACET-Il is pursuing extreme particle and photon beam science
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External injection experiments at FACET-

Beam After Collimators 9 Beam at plasma entrance G‘ Beam in plasma o Beam at Electron spectrometer
(1 A Variable energy separation A Variable time separation 4 Variable time separation i
i) =] = =
:§ g ......... %
> |
o o) : 1 o >
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Wakefield mapping with external injection enables controlled chirp measurements
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Particle tracking simulations of the spike generation

After Laser Heater After First Compressor After Second Compressor
0.345 47
(a) (b) () [3
>'0.125 02 S 0.34 = 5 -
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Simulations show generation of a fs-long 0.1 MA spike consistent with measured CSR spectra
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Reduction in CSR reveals current spike is highly localized in energy and time
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Initial wakefield mapping measurements We\'\m'maN

Longitudinal phase space Current profile at variable bunch spacing Energy spectra after plasma
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Plasma-induced chirp measured on FACET-Il beam with notched two-bunch beam
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Chirp calculation results orelimi® nary
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Chirped beams generated with Li oven sufficient for full compression in post-plasma chicane
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Chicane installation status and plans

Magnets and mover built, currently testing, beamline installation planned for Oct-Nov
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Controlling the spike position using laser heater delay

» qotch Scans at Different Laser Heater Delay
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High current spike can be moved to head/tail of the bunch by changing laser delay
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PAX for coherent control of X-ray waveforms

Frequency Chirped X-rays
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Photon beam properties can be manipulated by shaping undulator magnetic field
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