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B,'_-LL/‘\ — A Hub For Exploring The Wealth Of Laser Plasma Accelerators

BErkeley Lab Laser Accelerator

5 laser-plasma accelerators, and a next-generation coherently-combined fiber laser program
addressing laser, accelerator and light source R&D and applications

# BELLA-PW (1 PW @ 1Hz) BELLA-IP2 at BELLA-PW BELLA-HTT 100W @ z) |
% + Dual beam lines « High-intensity p+ acceleration e e Mono-chromatic gamma rays
« 10-GeV-class e- acceleration Strong-field physics (QED) s e = - Pump-probe X-rays

BELLA-HTU (100 TW @ 1Hz)
e Undulator (FEL)
e Electron transport line

“ 11 TW-kHz (1 TW @ 1kHz)
« Few-MeV electrons & X-rays
e Emergency response etc

. BELLA FIBER
. 100s mJ in <100fs, >1kHz
= o laser R&D

» Light sources at >1kHz
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Laser-plasma accelerator R&D

> High-quality beam generation
> Novel injection techniques

> Plasma sources / lenses

> Stability & reliability

> kHz laser system

> Staging

Applications

> Free-electron laser

> Radiation hardness testing
> Muon beam generation

> FLASH radiation

> Radiography

> Nuclear state excitation

Theory and Simulations

10 TeV collider design study <
Novel injection techniques <
Plasma dynamics modelling <
Experimental modeling <
Al/ML integration <

Digital twin <
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Laser-plasma accelerator R&D

A. Picksley et al. 133 PRL (2025)

Matched Guiding and Controlled Injection in
Dark-Current-Free, 10-GeV-Class, Channel-
Guided Laser-Plasma Accelerators

PHYSICAL
REVIEW
' LETTERS

BLLIAN

Theory and Simulations

D. Terzani et al. (accepted in PRAB)

Measurement of directional muon beams
generated at the Berkeley Lab Laser Accelerator

Applications

S. Barber et al. PRL 135 (5) (2025)

Greater than 1000-fold Gain in a Free-Electron

Laser Driven by a Laser-Plasma Accelerator
with High Reliability
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Laser Guiding — The Essence Of Prolonged Acceleration Lengths

Matched Guiding and Controlled Injection Laser diffraction in vacuum:
in Dark-Current-Free, 10-GeV-Class,
Channel-Guided Laser-Plasma Accelerators

A. Picksley et al. 133 PRL (2025)

~Rayleigh length (cm)

PHYSICAL
REVIEW
[LETTERS

E Published week ending 20 DECEMBER 2024

Mismatched guiding (w,, > w,)

Beamenergy =G*L @ ——-@ ————— —————-——————

G: Gradient
L: Acceleration length

Matched guiding (w,, = wy)

Published by
American Physical Society %s Volume 133, Number 25




Free-Standing, Length-Adjustable Gas Jet For Effective Laser Guiding

Matched Guiding and Controlled Injection
in Dark-Current-Free, 10-GeV-Class,
Channel-Guided Laser-Plasma Accelerators

A. Picksley et al. 133 PRL (2025)

Collaborat/on with Umvers:ty of Maryland
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200 pm
Vacuum
= lished by
American Pilysical Society %s Volume 133, Number 25 focal SpOt

> High quality guiding observed at all channel lengths

> Enabled examination of laser-plasma interaction along
the plasma channel



Free-Standing, Length-Adjustable Gas Jet For Effective Laser Guiding

0 2 4 6 8 10
Momentum (GeV/c)

> 10 GeV-level electron bunches
> %-level energy spread

> Low dark current
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Laser-plasma accelerator R&D
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Unlocking New Applications — High-Flux, Directional Muon Production

3 /0/9/7 9 = o5 | §  Experiment
% E §  Simulations
/0’76 72 )
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<3 7)) =10
E 51 1 I Production rate 1e4 higher
% than for cosmic muons

0.0 0.5 1.0 1.5 2.0
Detector position, x[m]

Measurement of directional muon
beams generated at the Berkeley
Lab Laser Accelerator

D. Terzani et al. (accepted in PRAB) u
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Laser-plasma accelerator R&D
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> Femtosecond-pulsed, coherent X-ray light source.

Free-Electron Lasers — Concept And Application

Electron propagating in an undulator

. . . . / Y /1” 1 K2
> Electron bunch propagating through alternating magnetic field. DR RN PR t

>

e

Transverse wiggeling electron bunch motion couples to the horizontal

Y
component of the radiation field. i | 0 I_" : |__| ] |_,’ 7 l‘_l ! |_’| Y ‘,_‘/

High phase space density of an electron bunch establishes FEL gain I
through Self-Amplified Spontaneous Emission of radiation (SASE). Z. Huang, K.-J. Kim PRSTAB 10, 034801 (2007)

Radiation enhancement
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Free-Electron Lasers — Concept And Application

S. Schréder et al. preprint arXiv:2407.15583

102 g7
> Femtosecond-pulsed, coherent X-ray light source.
> Electron bunch propagating through alternating magnetic field. L 1 e |
> Transverse wiggeling electron bunch motion couples to the horizontal 5 Watervindow
component of the radiation field. =
S 10°;
> High phase space density of an electron bunch establishes FEL gain £ .
o 1 um
through Self-Amplified Spontaneous Emission of radiation (SASE). > Y _0.5m
; -1 E &: m
> Radiation wavelength Ao 1/y? 0 =020
S o '——E%:O.lum 7
> Scale of operational FELs: O(100m)-O(km) i _0.05um
10-2 : :

5 P10 15 P20

A compact FEL design will enhance accessibility for

research and enable potential industrial use.

. ot Ib
SXH .

# https://www.fels-of-europe.eu

W. Wang et al. Nature 595, 516-520 (2021)
M Labat et al. Nature Photonics 17, 150—156 (2023)
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BELLA HTU — Building A Reliable LWFA-Based FEL Prototype

Magnetic spectrometer Undulator Magnetic spectrometer Data taken in partnership
Chicane EMQ &deflector FEdL_ ; with TAU Systems Inc.
SO/ D07 eneenen b 7 = = radiation
JL DL Ly ChiaD Gl . L[ ZTZT 2 /éé;/u
; ey & d‘g i -gh.g,” e === §
/ 4 m
A4 Decompressor: Embedded FODO lattice.
// slice energy spread Emvbeddved beam &
- reduction radiation diagnostics. spectrometer
Gas

100TW, 5Hz, 0.8 um
At full capacity: 2.5 J, wo: 38 um, ot 37 fs.

Active stabilisation systems.

Plasma source

500 consecutive shots

100 -

o

13 2.0 215! 3.0 3.5 4.0
Plasma channel (mm)

o
o
o
w
=
o

Plasma density
(1ecm™3)

N BhO
o =
H
Q

Supersonic jet with adjustable blade system.

On-axis density measurement via phase
modulation of a transverse probe.
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BELLA HTU — Building A Reliable LWFA-Based FEL Prototype

Laser Blade / Magnetic spectrometer Undulator Magnetic spectrometer Data taken in partnership
S A PMQ Chicane EMQ &deflector  FEL with TAU Systems Inc.
LRl (7747 LD GhGalen = Z7Z7 Z z7 [ = radiation
i M ——— o ==
\ / /:f gé{ &/ '%H%H#‘ 7 "™\ ; e A -
% /i E-beam 4m
/ Decompressor: Embedded FODO lattice.
/ slice energy spread Em'beddved beam &
l/" ' reduction radiation diagnostics. Spectrometer
Gas
LPA electron beam o
100TW, 5Hz, 0.8 pm Undulator radiation
At full capacity: 2.5 J, wo: 38 pm, ot 37 fs. 120 Experimental data . 107 ey
[ DY 10° =
Active stabilisation systems. = 1109 'y & 2 Prtimized Ree .
o | ! w® g L i L - H PR LU T Incoherent x10% gain |
& lzz 4 C . E ol & " vl L ™ E 5: 10° | !
2 i | 2 L e e I
Plasma source S go, . , , , . A -
-~ 6 - m
o ® 1]
500 consecutive shots o=, . * * e et " "
%E x* =< xx' ,,"' LI ’x L Y Q x Y e * H 107 1 2 3 4
400 %g 24 x  oxx Tx 'n xxy ¥ ax % T T " i ; Propagation distance (m)
% 300 ‘5 0 T T T T T 2 10?
< ®) | | 10°F
® 200 6‘560 . > 5 10
) 40+ Puxx  w X % x % = ] & 2 100}
100 - =y % ® o % % * x B O0 Ry e O %% xx'- = ~ = A
.§20» D00 '."I'“‘K""g’x‘-“'” * " x 7 g £ 10°F
2 0 ; ; : : : : (3] 3 2 otk
g vlv 4 == uzto 0 T T T T T T T @ 101
G 0 10 20 30 40 50 60 100
kel
°S 24 # Shot -1 \ L I |
£ 10500200 500 600 700 800
g
T 0 T T T T T T T . . Wavelength (nm)
00 05 1.0 PI1-5 :-0 |(2-5 ) 30 35 40 30 pC @ 100 MeV beams are routinely achieved.
asma channel (mm
. . . 9 i
Supersonic jet with adjustable blade system. 3% mean energy jitter.
. . 0, i
On-axis density measurement via phase 20% charge jitter.
modulation of a transverse probe.
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Reliable Incoherent FEL Gain Driven By A Laser-Plasma Accelerator

102 5 Undulator radiation signal measured over 1 hour
] 1025 = % S0 - E—
5 i B B ¥ @
10* ; S oEE By % St g ¥
0 ° pepos © 2 =S : By = e,
5 1 : : : E WL e ==
LQ ] sond 3 / - 5 10_3; - no emittance spoiler
4% . ] Y/, ST E with emittance spoiler
S 1075 ="re, Fam 10 1+ l | | . |
'§ : g » 120
> ] o ¢ ° no emittance spoiler _
10-24 & °  with emittance spoiler < 1007 S - {;,3§ ¥ Q )
; 'g 80 13-“{ !w;, 1‘ 4 - o o =
é s B e s :‘;v«' t'gﬁ ! '%3::.
] a 60 - & coa My —
103 T T T T T g 40 - ;I
0 20 40 60 80 100 &
Charge (pC) 2 50 no emittance spoiler
© with emittance spoiler
> Gain over incoherent undulator radiation on >90% of shots O T 550 1000 1500 2000 2500
Time (s)
> Ratio FEL to incoherent: ~200-300x (max), 50-100x (average) .
> Stable operation of FEL over hours
S. Barber et al. PRL 135 (5) (2025) > Charge transmission unaffected by
Critical system developments along the way: . .
F. Isono et al, High Power Laser Sci. Eng. 9, €25 (2021) K. Jensen et al. (accepted in PRAB) emittance Sp0|ler
C. Berger et al, PRAB 26 032801 (2023) F. Kohrell et al. (submitted to PRAB) 1




Reliable Incoherent FEL Gain Driven By A Laser-Plasma Accelerator

107 - —
~
® no spoiler S
i —— 7
~ 1014 © with spoiler -7 f
= ] -,
-~ . ,/
r_c I 2
S, 1004 =
2 == Gain length: 17 cm > Why does the FEL process breaks up after ~1m?
W) // g
RS S
5 | = L 3 + . .
c 1= ® -+ = Establish a model of the experiment
2 1072 - == =+
103

0.00 0.25 050 0.75 1.00 1.25 1.50
Propagation Distance (m)

S. Barber et al. PRL 135 (5) (2025)



Modelling Framework

Laser-plasma accelerator Beam transport FEL process

Undulator

Ll _ . IR RRRRRARRRAN
\_ _/ = N

|
Physics objective: Physics objective: Physics objective:
Electron bunch generation Beam tracking FEL process
Electron bunch acceleration Collective effects: space charge / synchrotron radiation Electron bunch dynamics
Software: Software: Software:
WarpX & Wake-T ImpactX Genesis-1.3 / WarpX / (optimas)

Linking software packages necessary to model the diverse physics of LWFA-based FELs
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Electron Bunches From Plasma Accelerators Offer Unique Opportunities — And Challenges

"T lel8 Evolution along the plasma channel
5
> LWFAs beam characteristics: <

>

> Excellent slice emittance (hm) %
©

> Ultrashort bunches (fs) e . :
9] T T T T T T T
S 90 05 10 15 20 25 30 35 40

> Large correlated energy spread (%) Plasma channel, s (mm)

> |njection-technique dependent current profile

Co-moving simulation frame (Vfame = C)

0

40 ] —100000
—200000
—300000

—400000

-100 -80 -60 —-40 -20 0
¢ (um)

FEL operation methodology must adjust for

Electron density (arb. unit)

unique beam characteristics, and the impact of

X (um)

instabilities rigorousely examined.

—40 -
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Electron Bunches From Plasma Accelerators Offer Unique Opportunities — And Challenges

"T lel8 Evolution along the plasma channel
5
> LWFAs beam characteristics: <

>

> Excellent slice emittance (hm) %
©
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9] T T T T T T T
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FEL Process Simulations Of The BELLA HTT Setup

>
VISA undulators A. Tremaine et al. PAC Proceeding (2001)
— originally designed to verify fundamentals of SASE theory. A. Murokh et al. NIM A 507, 1-2 (2003)
> Strong-focusing FODO lattice embedding the undulators keeps the
electron bunch spot size small. Undulator parameters
Au: 0.018 m
. N . A 430 @ 100 MeV
Radiation enhancement Radiation slippage L2 s =
| 14 0, 10 um e
102 Gain length: S < /\ K:1.28
101 o, : 0 T T T T LG: <02 i
s E
= “ Beam parameters
u S 31
> o E: 100 MeV
9 c
g 2 2 e [ Barted dE: 0.3%
L
= Q: 100 pC
& 1 Exn = Eyn = 0.5 pm
o _
T T E 0 T — T T T 0;= 10 Hm
3 4 0 100 200 300 400

¢ (um)
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Correlated Energy Spread

> LWFAs deliver bunches with: Energy spread and chirp control via the injection

mechanism and the de-compression chicane is

essential for high-quality FEL operation at HTT.
> Impact: Spectral broadening and radiation power reduction

Linear energy chirp model Radiation enhancement Radiation spectrum
120 5
—_— 022; —_ 5p: 0% . 6 0%
oo 101 — 06:1.3% 1500 4 5 1.3%
110 - o.:38% [ 4 6¢: 2.6% 6e: 2.6%
; = § Of: 3.8% ’E‘ O¢: 3.8%
2 3= = 107! - <
2 - W S 1000 -
> 1001 € N =
= Lo 2 > s
2 5 0 1073 <
w O S / W
90 - [, ) 500 -
10—5 _ /
80 ; ; ; — 0 | : : : : 0 : - : : :
-40  -20 0 20 40 0 1 2 3 4 350 375 400 425 450 475 500
¢ (um) s (m) Aph (NM)
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Mismatch Sensitivity

Transverse electron bunch evolution

> Strong-focusing FODO lattice embedding the
undulators keeps the electron bunch spot size small.

> A mismatch of electron beam spot size or divergence

changes its envelope evolution. —500 1

Bunch envelope, x (um)
o

> Enlarged electron spot size throughout the interaction. 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o Propagation distance, s (m)
> Reduced transverse overlap of electrons and radiation.

Gain length 0.20 Radiation energy
N .
o 100
c| 4
= 0.15 = 75
21 = 2
High mismatch tolerance enables w2 0.10 20w
o -
reliable FEL operation at BELLA HTU v 2>
=)
3 0.05 0
9 0 2 4
Bx
>

Spot size & divergence
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Mismatch Sensitivity

Transverse electron bunch evolution

_ . . iE:; 5004 Spot size & divergence mismatch
> Strong-focusing FODO lattice embedding the x
. )
undulators keeps the electron bunch spot size small. S OW
)
. . . >
> A mismatch of electron beam spot size or divergence &
<
changes its envelope evolution. g —5001
m T T T T T T T T
> Enlarged electron spot size throughout the interaction. 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o Propagation distance, s (m)
> Reduced transverse overlap of electrons and radiation.
Gain length 0.20 Radiation energy
N .
o 100
c
c 75
S S
High mismatch tolerance enables -‘g’ 50 w
reliable FEL operation at BELLA HTU n 2>
o - By
o
LL
>

Spot size & divergence
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Mismatch Sensitivity

Transverse electron bunch evolution

. . . 500 { Focug position mismatch
> Strong-focusing FODO lattice embedding the

undulators keeps the electron bunch spot size small.

> A mismatch of electron beam spot size or divergence

changes its envelope evolution. —500 1

Bunch envelope, x (um)
o

> Enlarged electron spot size throughout the interaction. 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o Propagation distance, s (m)
> Reduced transverse overlap of electrons and radiation.

Gain length 0.20 Radiation energy

ot 100

c

£ 75 -

S S

High mismatch tolerance enables '§ 0w

reliable FEL operation at BELLA HTU n 2>

9 - K

0

LL

>

Spot size & divergence
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Radiation energy, Ey (u))

Beamline Element Alignement Impefections

Transverse misalignement of
second undulator section

Radiation energy, Ey (n))

107 3
10% 3
100 4
1071 3
1072 3
1073 3
] — no offset
-4 E .
10 —— 2nd section offset: 250 um
10-5 ] —— 2nd section offset: 500 um
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0

Propagation length (m)

Transverse misalignment of second undulator

section (1.5 mm) and quadrupoles

T - — No quad misalignement
L
- Last quad in first undulator section
1077 offset by 250 pym
10° ;
: Last two quads in first undulator
section offset by 250 ym
-1 J
10 ] Experimental data
1072 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Propagation length (m)

Beamline imperfection a likely cause for the FEL gain breakup after 1m.
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Outlook & Conclusion

> At BELLA we develop laser plasma accelerators for applications and have demonstrated:

A. Picksley et al., Physical Review Letters 133.25 (2024)

D. Terzani et al., arXiv 2411.02321 (2024), accepted in PRAB

S. Barber et al., Phys. Rev. Lett. 135, 055001 (2025)
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