PLASMA *x * 4
ACCELERATOR SYSTEMS FOR * P AC R I
COMPACT *

RESEARCH - |
INFRASTRUCTURES

|
Compact THz Streaking Framework for
Robust Longitudinal Diagnostics in
Advanced Accelerators |

Gerard Lawler?, Rasmus Ischebeck?, Evan Ericso ‘Nicole !-'Ierl, Micha Dehlérl, Matthias
Nabinger?, Michael Nasse?, Banan Yamani®, Alexander Mo odozhegtsev3,

1 Paul Scherrer Institute 2 Karlsruhe Institute of treme Light Infrastru

] "
5
P
* X x PSI supported by
x Funded by Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,
A + Confédération suisse Education and Research EAER,
** s ** the European Unlon Confederazione Svizzera State Secretariat for Education,_Resear

Confederaziun svizra and Innovation SERI
Swiss Confederation

This project has received funding from the European Union. The participation of PSl is funded by the Swiss State Secretariat for Educ
Research and Innovation (SERI). The information herein reflects the views of its author(s) only, and neither European Union no
responsible for any use that may be made of the information contained.



Motivation

* To increase accessibility, smaller accelerator-based light sources

https://physicsworld.com/a/etched-glass-could-
create-table-top-particle-accelerators/
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JfA(iIﬂ Advanced accelerator technology

* Higher gradients in plasmas, shorter pulses, wake fields
* Many systems needed for do not scale with accelerator

Plasma capillary: 0.6

2.9 o

Bubble (€~ 100 Gv/m)

https://agenda.infn.it/event/50880/contributions/288551/attachments
/146220/222591/EuPO_Marinelli.pdf

~35 um Plasma electrons
(120 fs) (plasma cell, ~10'" cm?)

https://cas.web.cern.ch/sites/default/files/lectures/-27%20March%202022/CAS_AAC_Ginevra_021_2.pdf

3
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Diagnostic needs

e | H @ SNS 100ps
Courtesy f. Compact FEl's? Lower quality
o | +
%o 10 F HZDR " TEXAS : . H* @ LHC 230ps
g mLBNL 2006 o, V3, _
g . I Bl e @ DLS 20ps
> ‘NLCTA
2 W BARES LINAC-1I WLAC ng, oo e @ CLIC 130fs
(5 01 F ATE'BNL.SP‘RHC_H_. wAC y "0,
Q =
Z : e @ XFEL 10fs
- - .fE‘RMJ Eu-XFEL
= 0.01 E ... SwissFEL ™ 2
: FEL Territory | e @ DWFA <60fs
igher quality
0.001 * = sl - ' i
. 1 » ” e @ PWFA <30fs
Energy [GeV]
/ e @ LWFA <10fs
_JaN\{ 2 2 2 2
En,rms - \/ <y >(Oy 0,0, % Erms)

https://indico.cern.ch/event/1380440/contributions/6176576/attachments/296
9104/5224846/CAS24_longitudinal_BI.pdf

M. Migliorati et al, Physical Review Special Topics,Accelerators and Beams 16, 011302 (2013)
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e State of the art PSI PolariX TDS

* Meters on beamline

RF Deflecting cavity

E ’ ’_” S
: \ﬁﬂ JE E ; Limitations 5 o ’
Optical radiation i
Cherenkov / OTR radiation PoX y
ODR / OSR Radiation X | ' ' \]
Streak camera X 200fs o
Coherent radiation : Bunch spectrum &® Head
Interferometry X X @ T i
Polychromator X X ‘"
RF techniques Variable polarization
'Feschenko’ monitor X X X Hadron, 20ps of the streaking field
[ *__RF Deflector X X X 1fs -
Zero phasing techniques X X X 10fs
Laser based Method -«
Sampling X Jitter (10fs) l
pNon linear mixing X o "’(\ / be
Thomson/Compton scattering X X Electron J;\‘ -
Photo-neutralization X X H- 3
Electro-Optic Sampling X X .
E-O Spectral decoding X X X ~ 200fs &
E-O Spatial decoding X X X ~ 50fs e 7
E-O Temporal decoding X X X ~ B0fs -

https://indico.cern.ch/event/1380440/contributions/6176576/

Streaked -
beam

https://indico.cern.ch/event/1335148/contributions/5663218/attachm

ents/2769854/4825803/PolariX_CLIC_Mini_Week.pdf

Marchetti, B., Grudiev, A., Craievich, P. et al. Experimental demonstration of
novel beam characterization using a polarizable X-band transverse deflection
structure. Sci Rep 11, 3560 (2021).

attachments/2969104/5224846/CAS24_longitudinal_BI.pdf
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* RF systems challenging in certain -
S|tu at|0 n S vacuum chamber

* Existing laser systems when RF
difficult (e.g. KIT right)

e Short pulse synchronization

* Treat THz less like optical
diagnostic and more like mini-RF
systems

Compressor gill

N ,/;;
/
Compressor ’_.~’
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Prior work

* CrYogenic Brightness- \

photoinjector

M ° cryostat

Optimized - g o
& |18 = A ' B =L linearizer
: - | . ‘ xﬁ‘.‘:‘; Passive

l R woi g & - 3 mcryo C-Band * « a

R a d I Ofre u e n C G u n | " . ' X ) m - accelerating section > Lo dechirper 5 m cryo C-band
W s A 4 7 i First and sedond " @&  accelerating section
2 : 2

7 o . 2 e chicanies LG
4 i S ey IFEL \\\ 5m, short period
O n pat to ~ B TR = P modulator T~ 7C'y0-undu=ato.'
a = “ S
& -4

—

Ultra-Compact XFEL S AR 0] R

(i
Electron spectrometer > SM

(UCXFEL) at UCLA T R

mirrors
Expesiment
hutch

e X-band deflecting cavity
simulated for future
long. measurements

I R 22.9 (2020): 093067.
would add entire new MOTHRA Laser Robm (I
RF system ///

Lawler, Gerard Emile. Improvements to Normal Conducting High Gradient Accelerator Performance at Cryogenic
Temperatures. University of California, Los Angeles, 2024.

Rosenzweig, J. B., et al. "An ultra-compact x-
ray free-electron laser." New Journal of Physics
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Proof of concept geometries

* In collaboration with Karlsruhe Institute of . L ,
Technology (KIT) @ FLUTE
. . S .‘i _, r=76.5um
* Inverse Split Ring Resonator (ISRR) e ET .
. . THz puls = <t pm
* Tilted-slit Resonator (TSR) L N L= 1000 um
d s = 80 um
clectron beam
L
1 a = 650 um
‘/i # I d=20um
L =1000 um
L d?t THz
< — pulse s = 80 um
a electron a = 60°
beam

Glukhov, Sergei, et al. "Simulations of the compact transverse deflecting
system for ultra-short electron bunch diagnostic." Proc. IPAC’23 (2023): 4887-

4890.

WWW.pacri.eu
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THz Generation

* MeV energy electrons

* Experimental chamber proceeded by
photogun, magnetic optics, and
collimator

* Followed by dipole + screens

Split-rin Scintillation Camera
BU..E-T reg?natogr screen =~ \ g
"
1 mm -
L. :
. o TZU 3 W
Ele i Ill
Electron bunch Laser ’
LiINbO,
Photocathode

Infrared
pulse

% Ultraviolet
. pulse \A{

Schaefer, Jens, et al. "Split-ring resonator experiments and data analysis at
FLUTE." Proc. 14th International Particle Accelerator Conf.(IPAC’23). 2023. Schifer, Jens, et al. "Split Ring Resonator Experiment-Simulation

Results." Proc. IPAC’21 (2021): 888-891.
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CST Simulations

* High Q resonator -> RF
like behavior

* Field enhancement >50 in oo
gap -

L B

\ % %
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Terminology

* Time resolution linear with
. . THz Streaking Time Ang.
EffECt|Ve angUIar I’ESO|utIOn geometry gradient resolution Resolution

[urad/fs] [fs] [urad]

e Streaking gradient, dimensions —— T
of [rad/distance], here units of (2025) SRR

urad/fs oy Shenetal. SRR 4 10 40
Atros ~ T (2019)
o, = intrinsic angular resolution | dt FLUTE ISRR + TSR 10 Single digit 10s
(beam divergence + optics + screen resolution) simulation
UCLA Parallel plate  20-30 1-2 20-60
df /dt = streaking gradient waveguide
For short impulse kick For sinusoidal kick lenzetal. ~ Waveguide 30+ 1.25 37+
(2026)
@ ~ eh wE, df 4eE, | . wh
. — R sin —
dt  p,v, T "y .
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Entering New Regime

* Underlying diagnostic logic still
recognizable as RF streaking

* Micron gap aperture

* THz higher in frequency so imprint
more on beam of same length ~ N A AN
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Visualization

* Linear energy chirp allows dispersive section to see
multiple cycles

kick_phase = 0 rad = On

Dipole OFF: no kick Dipole OFF: drift + vertical kick Dipole ON: chirped energy Dipole ON: chirp + vertical kick

300 300 300 300

200 200 200 200

% 100 w100 % 100 w100
[7] [T} [7] [7]
b3 x > >
= =3 = =
[=] c c c
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I} 3] o} v]
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What changed?

* Physics remains
familiar but some
assumptions change

CAS Seminar, PSI, G.E. Lawler

-

Linearized streak

Single O crossing

Simple observable

RF infrastructure

cm gap

WWW.pacri.eu

Highly nonlinear

Multiple visible cycles

Complex image morphology

Laser systems

micron gap



What changed?

* Not necessarily max Q

* Focus on want stronger
streaking field for the same
incident THz energy, shunt
impedance, and longer
interaction length

S-Parameters [Magnitude]

dB

SZmax(1),Zmax({1) : -54.162983
SZmax(1),Zmin(1) : -0.01664487

—55 T T T T T T T T
0.19032 0.2 021 0.22 0.24 0.25 0.26 0.27524

Frequency / THz
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-

Higher Q beneficial

Narrowband

Filling time not critical

Goal to maximize voltage

WWW.pacri.eu

Higher Q increases field
enhancement

THz pulse may be broadband

Filling time may exceed pulse
duration

Goal to maximize kick per
available THz energy



FLUTE data

* In FLUTE data we get linear energy chirp from S-band photogun
* THz phase delay dependent morphology

ISRR

TSR B

20251209T122357_Scan_pos0_dly0
setting00/image010 cropped heatmap, MAD filtered, x-centered -
X r

20251210T185336_Scan_pos0_dly0
ered before=102.76, dx=-3.26

setting00/image010 cropped heatmap,_MAD?iltered, X-cent
cx before=138.22, dx=-38.72 L 140

r 120
20

- 100

Pixel intensity
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:*ISA(_:E Failure of existing observables

 Complex shapes lead to
difficult comparison

* For three example densities
pl, p2, p3

e Each pair has the same
distance in L1, L2

E?=| |x; — x|

R

Ll =

https://www.stat.cmu.edu/~larry/=sml/Opt.pdf

L2 = /X (x; =y,

CAS Seminar, PSl, G.E. Lawler WWW.pacri.eu 17




:*ISA(E Morphology based image comparison

e Earth Mover’s Distance (EMD)
calculate minimum “work” used to

Optimal ;
Transport (OT)

>

transform distributions optimally R’
* Common in machine learning | oimension recuctio
* Projections into lower dimensions R —
oT
can be used =

Zhang, J., Ma, P., Zhong, W., & Meng, C. (2023). Projection-based
techniques for high-dimensional optimal transport problems. WIREs
Computational Statistics, 15(2), e1587. https://doi.org/10.1002/wics.1587

https://sbl.inria.fr/doc/Earth_mover_distance-user-manual.html
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e EMD AKA
Wasserstein metric

linearity unlike L1,
L2, or chi”2

e Gives more reliable
positioning jitter
reduction

 Faster algorithms for
EMD noisier but on
average still effective

CAS Seminar, PSI, G.E. Lawler
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Applications for THz streak

Noisy broad beam with sub-pixel translation Metric response with noise
30 A
P e —— shift = 0.00 px — L1
OW noise shit = 3.00 px 2
0.05 A —— shift = 7.50 px 254 —— Wasserstein / EMD
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_PACRI

Noisy broad beam with sub-pixel translation

—— shift = 0.00 px
shift = 3.00 px
—— shift = 7.50 px

shift = 15.00 px

metric value
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CAS Seminar, PSI, G.E. Lawler

T
-10

0

10 20 30 40

position [pixels]

normalized response

Applications for THz streak

Metric response with noise
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:*ISA(E Applications for THz streak

Noisy broad beam with sub-pixel translation Metric response with noise
M . —— shift = 0.00 px — 1
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Experimental images

* Example longitudinal data for TSR

setting01/image004 20251209T123310_Scan_pos0_dly49

0 25 50 75 100 125 150 175
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Theory + simulation

* Experimental error limited to angular resolution in 10s of fs,
improvements possible with EMD

Dipole ON: chirped energy Dipole ON: chirp + vertical kick

400 400

300 300

200 200
w w

Y 100 ¢ 100
= =3
T T

@ 0 v 0
() (%]
(1] (1]
5 5

- —100 - —100

=200 —200

=300 =300

—400 —400

400 -300 -—-200 -100 0 100 200 300 400 —400 -300 -200 -100 0 100 200 300 400
¥ on screen [pixels] ¥ on screen [pixels]
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* 1 dimension
calculation for

streak

202512097T130319_Scan_pos0_diy210
setting00/image010 ci
x

ropped heatmap, MAD filtered, x-centered
before= 4

104.84, 0x=-5.3-
B wo 1 1m0 A H

0 ) %

t= 202512097132000_Scan_pos0_d1y299

setting00/image010 cropped heatmap, MAD filtered, x-centered
cx before=100.60, dx=-1.10
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Modified EMD

Centroid distance

sliced Wasserstein

Earth Mover

sliced Wasserstein better
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EMD shape only

sliced Wasserstein better aniso
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Further Interpretations

P °f° ° Energy spectrum before and after filtering
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* Small gap ramifications .

Offset collimator plane

CAS Seminar, PSI, G.E. Lawler

Further Interpretations

Energy spectrum before and after filtering
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Further Interpretations

® S I I f t Energy spectrum before and after filtering
I I l a a ra I I I I I Ca I O n S 307 1 Before collimator L 140
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Scaling for Plasma Accelerator

* So why do scalable diagnostics matter?

e ELI-Beamlines laser-plasma
experiments

e 300 MeV ->1 GeV

Electron Beam

Energy 350 MeV
Charge 30-40 pC
Normalized <0.3 mm-mrad
emittance

Energy spread <0.25%

(RMS)

Peak current >2.5 kA

CAS Seminar, PSl, G.E. Lawler
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Higher energy beams

TDS: Cylindrical Beam

Y 100 IVI eV Before TDS 0.5 m after 1.5 m after
sx = 0.1121 mm ' sx = 0.1539 mm sx = 0.2395 mm
case w/ RF
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0.50
DS on way
B B
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Future concepts

* Collaboration w/ =2 { Jermtrn mos
Nicholas Matlis from Long B <s T
. . . : ! THZ Vivaldi antenna
Arizona State University e | ).
(ASU) Py o
4 t e :
* Vivaldi antenna, in THzpuise._ Hom couper /

“0
Electron bunch

literature, gap can get — }‘/
larger than ISRR for - ;;-fw
improved behavior x4 S060-30

* Segmented terahertz
electron accelerator and
manipulator (STEAM)
allowing longer TR
interaction length and o At hegmented eaherscecton

accelérator and manipulator (STEAM)." Nature photonics

p O | a ri Za t i O n 1226 (2018): 336-342.

> w
i@n JTwo-Dimensional Mapping for
3 Idpstitement." Acs Photonics 12.6 (2025):
= |l

o
:O

MCP detector

1.0 +

u.)

05 | Spectrum

lo.o 03 06
f(THz)

Efield (a.
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Experimental Implementations

e Activity 2.1.2. Feasibility study and
Conceptual design of the laser-based
THz TDS setup

* Participants: ELI, PSI / Lead: PSI

e Deliverable 2.1.2 (D2) Conceptual
design of the integrated THz TDS setup

* Milestone 2.1.2 (M2) Scope of work
and list of components of the integrated
THz DS setup, including laser, dielectric
structure and relevant diagnostics.

rog

L e el |
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Conclusions

* THz resonators can reproduce familiar RF streaking concepts in
smaller package

e Understanding which assumptions survive and which do not is an
ongoing process at PolariX TDS performance remains goal

* New regime needs advanced image-processing methods help in
interpreting more complicated morphology

* Promising scalable solution for compact research infrastructure such
as Eupraxia at ELI
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Conclusions

* THz resonators can reproduce familiar RF streaking concepts in
smaller package

e Understanding which assumptions survive and which do not is an
ongoing process at PolariX TDS performance remains goal

* New regime need: Questions? thods help in
interpreting more complicated morphology

* Promising scalable solution for compact research infrastructure such
as Eupraxia at ELI
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