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e Motivation

— Measuring low emittance and small source sizes of electron beams

* The Optical Grating Method

— Basic principle and theory
— Inferring the electron beam source size and emittance

— Background noise influence
* Lasers @ HI Jena

* Optical Grating Experiment at JETi200

HI JENA

Helmholtz Institute Jena

www.hi-jena.de

Daniel Seipt 3rd NanoAc Workshop 07.11.25



Laser/Plasma Wakefield Acceleration
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* Shoot ultraintense laser into gas target: accelerating fields ~ 100 GV/m
* Various mechanisms for injection of electrons into wake bubble
e (Multi-)GeV electron beams after mm ... cm
) HI JENA

Quasi-monoenergetic, small source size, low-emittance, ...
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Transverse Beam Emittance

Because of focusing fields in bubble:
Quality of the transverse beam phase space No correlations at LWFA exit

& e Geometric emittance

€geo = €rms = OxOx
slope =-a/p = (source size) x (angular divergence)

Normalized emittance

EN = OxV Oxs
\/ﬁ_ *X = (source size) x (rms momentum spread)
£

Dx = YUy = ¥X'

y Z:<<av2> <m’>)

(xz’) (x'?) Angular divergence easy to measure.

2 ' 12 1
Y+ 2ax'+0x'" =¢ If we can measure the source size we
also have the emittance!

€geo = Vdet X
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Why a Small Beam Emittance is Important?

Plasma photocathode
* Small emittance - Higher brightness

week endin;

PRL 108, 035001 (2012) PHYSICAL REVIEW LETTERS 20 JANUARY 3012

Ultracold Electron Bunch Generation via Plasma Photocathode Emission and
Acceleration in a Beam-Driven Plasma Blowout
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n x n . week ending
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em | ttances Of t h e b eam Generating High-Brightness Electron Beams via Ionization Injection by Transverse Colliding

Lasers in a Plasma-Wakefield Accelerator
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* High brigh is ad g for:
Igh brightness IS advantageous Tor: e Pt Dy o Colfrte Lo dngles Lot gt OO IS TR

(Received 14 January 2013; published 2 July 2013)

I - . : I 226pm
" B 1 e, = 3 X 107% mrad,

driver
e-beam

— Particle colliders: small emittance beams
(high brightness) increases the luminosity

— As drivers of free electron lasers

— High quality Inverse Thomson backscattering | -y
X- and gamma-ray sources He decrn v/ 8

ionized electrons in the transverse plane and localizes them
along the propagation axis of the wake leading to an elec-

tron beam with a normalized emittance of 8.5 and 6 nm in
—
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Emittance Measurements

e Quadrupole scans: high accuracy but not single shot

* Pepper pots: developed for LINACs but are limited for low emittances
Salgado et al., arXiv:2412.09971 (under review)

* Optical grating method (source size measurement = emittance)

PHYSICAL REVIEW ACCELERATORS AND BEAMS 24, 012803 (2021)

Characterizing ultralow emittance electron beams
using structured light fields

Andreas Seidel ,1’2’* Jens Osterhoff,3 and Matt Zepfl’2

lFriedrick-Schiller-Universitéit, Fiirstengraben 1, 07743 Jena, Germany
2Helmh0ltz-[nstitut Jena, Frobelstieg 3, 07743 Jena, Germany
*Deutsches Elektronen-Synchrotron DESY, Notkestrafie 85, 22607 Hamburg, Germany

®  (Received 2 July 2020; accepted 6 January 2021; published 20 January 2021)
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Optical Grating Method
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Optical Grating Concept in a Nutshell

Transverse coordinate x

Position
dependent
Electron ._, momentum
beam ". ’_, Kicks

Ponderomotive Force

d | JENA

Helmholtz Ins

Standing e.m. wave intensity pattern = optical grating
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Optical Grating Concept in More Detail

x! (©
+—> — before interaction

--- after interaction

Ponderomotive =

§ m— Free drift sl _
scattering

v
=
o
2

Source = end of LWFA %

Two crossed laser beams form
a standing wave pattern:
Optical grating

d

Electrons are ponderomotively scattered off the
‘, standing wave: Optical grating
T& % —> periodic modulation of the phase space

7
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Emittance Measurement with Optical Grating

Momentum distribution translates
into spatial distribution

no optical grating with optical grating
4- 1 * Measure modulation strength
(peak-to-valley ratio)
2 i
g N | * Infer source size from p-v-r using
& theoretical model
o 1

* Requires precise knowledge of

4 - g experimental parameters

_40 -20 0 20 40 _40 -20 O 20 40 * Drift length between source and grating
X (um) X (um) e Optical grating wavelength A,

e Grating strength (intensity)
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Theory Prediction for Modulation Strength

* Model transverse phase space distribution n(x, p,.) as Gaussians, apply momentum kicks
* Observation in far field:
* Modulation on screen = momentum spectrum

op(x) = U sin k;x
* Modulation strength function F(p,) =2 integrate over x, normalize p(x) ¢

1 dn [n — asin(kgo.n + kg Lp))?
= — [dxn(x, = € —
(pa:) N, / ( pa:) \/% Xp { 9
w7 3 LU B (drift length) X (strength of ponderomotive kick)
“= Oy (source size)
* Laser grating switched off: « - 0, F - 1 Hl JENA
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Perturbation Analysis and Inference of o

* Perturbation theory for small «

| L (e 2
. Gaa:)
o F(pz) =1+ kgozae” 2 coskgLps
- J - J
g g
. Intensity factor Periodic density modulations
-40 -20 X(gm) 20 40 I
— K = kGLU - —
IO

* Theoretical prediction for peak-to-valley ratio to compare with measured values R,

2
rrzléx F(px) —2n2<ﬂ)
Rr =— ~14+2ke o Ry,
min F (p,.)
Px
* Depends on 3 parameters: k,0,, ., infer g, if other two are known HI JENA
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Source Size Inference Beyond Pert-Theory

* Laser grating wavelength A,
e Grating strength k

|

©
=

inferred source size o,/Ag

O
e
o

measured peak-to-valley ratio Ry

Daniel Seipt 3rd NanoAc Workshop 07.11.25
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What is the Optimum Grating Strength?

K = — Grating strength parameter

-40 -20 0 20 40
X (um)

Naively: optimum = largest peak-to-valley ratioat k = 1

1018w
cm?

y2A% Matched intensity depends
Zdrift € Lint on experimental geometry

o A2[pum]

I ~ IO [
What happens if we cannot match correctly the grating intensity during an experiment?

Ac) Zgrife, --- CAN be measured easily
I hence k is very hard to determine experimentally
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How precisely do we need to know k?

w
o
1

Ox/Ac=1/5 2.0 A N

m—— Oy[Ag = 1/4 \
— Oy fAG = 1/2 1.5

.~ Kk =1optimal

N
9)
1

K for max Rt

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Ux/AG

peak-to-valley ratio Rt
= N
ul o

v

K = 2 gives maximum
peak-to-valley ratio for
source size > 0.1,
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Effect of Unmodulated Background

Depending on the temporal overlap, the grating does not interact with the entire electron beam
— Some electrons are unmodulated, contributing to background noise

9 0 & 9 0 s
Lint Lint ]
Py ~ [(1 — vg) max F + vg| Ny Py max .Jf + 1353
| By === =
Vir ~ (1 — vg)min F + vg| Ny M min J —+ T
| J
, L \
Include the effects of the background noise Peak-to-valley ratio including background
vp = fraction of unmodulated electrons Effects (unmodulated electrons)
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Effect of Unmodulated Electron Background

0.5
\ Theory:
< ®
S <Background ignore
Q o e
" Optical Gratin V
8 true value . max F + 1_IB/B
Method is Robust [, = "=
% 01 e O I S O u S oring the background

' rence the source size
K = 2 (constant) | ‘ is overestimated:
0'01.0 1:2 1:4 1:6 1:8 2:0 True emittance is smaller than

measured peak-to-valley ratio Ry quoted value
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HIl Lasers @ HI Jena

HI JENA

Helmholtz Institute Jena

www.hi-jena.de

Daniel Seipt 3rd NanoAc Workshop 07.11.25



High Intensity Lasers @ HI Jena

JETi ONE JETi200
) ATHENA —

NIR option Wavelength: 800 nm
Wavelength: 800 nm Energy on target: 5

Energy: 2 m) Pulse duration: 17 fs

Pulse duration: 3fs-30fs Peak power: 300 TW
SWIR option via OPA + NDFG Short pulse NIR probing system
Wavelength: 1.1 ym—7 pum Wavelength: 750 nm

Energy: 1m)-5p Energy: 200 W

Pulse duration:  few-cycle Pulse duration: < 5 fs

Daniel Seipt 3rd NanoAc Workshop 07.11.25

POLARIS

Wavelength: 1030 nm

Energy on target: 16 (54))

Pulse duration: 100 fs

Peak power: 160 TW (500 TW)

Short pulse probing system
Wavelength: 800 nm

Energy: 20 J HI JENA

Pulse duration: 11 fs

Helmholtz Institute Jena
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Hl Jena Extension (2022) & TAF project

i Iwii j JETi

New 140 m2 Target Area Fraunhofer(TAF) a5 s
FTT——=T

o) *r

POLAIS | | HIJENA

Helmholtz Institute Jena
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Beam Transport & Stablity Analysis

JETi200 & JETIONE

10

TAF layout & beamline

ax [MM/s]

VTerz,m
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@ o

ol a

==
JETI POLARIS PUK Hochzeitskammer Target Breadboard

[Tagzeitraum 7-17Uhr, P=2,25%
[T Nachtzeitraum 20-6Uhr, P=2,25%
— Klima POLARIS aus (P=50%)

I Tagzeitraum 7-17Uhr, P=50%
I Nachtzeitraum 20-6Uhr, P=50%
—VCG

VC-G: strongest criteria for REM und TEM with
sub-Angstrom resolution.

JETi200 Periscope (~ 3m)
JETi200 turning chamber above wedding chamber (~ 3 m)

POLARIS turning chamber (~ 5 m above ground)
Beam shaping chamber (6 m x2mx 1.5 m) :!mlolgmgugeﬁ

HwnN e
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TAF Timing System at HI Jena

COHERENT Vitara-T 2022 FGI 0008
o mi <12 2023 FGl 0022

2% ATHENA

i
A

2 | laserbeam 85m
800 nm
Spectra Physics El t2 g
eclra SICS Clemen . .
60m P W, Y f jitter measurement @ 5 Hz i JETi200 + JETi ONE Beamline
>800 mW, <10fs with an optical cross correlator § Target Area Fraunhofer 15
m
t CPA1 CPA2
—STe—— L)
B T4 : .
o ) main amplifier +
fchend pulse compressor
JETi200
i o
slave-oszillator VRSt Baaih 85m 100m
800 nm .
"30m
i ~ .
4 ning link single
= 2 . shot
o oo jitter measurement @ 1Hz i
Te l I I pe rat u re Sta b I I IZe d with an optical cross correlator §
platform for low noise TR
Frontend [y i POLARIS Beamline
H H : pulse compressor Target Area Fraunhofer
optical master oscillator. rouns : .
slave-oscillator laser beam 200m 650 m 60m
1030 nm
LIGHT CONVERSION FLINT

6 W,<100 fs

* First flagship experiments in 2027 OSAT: Deceﬂml!ﬁi%
* Temporal (~10s fs) and spatial overlap (< 3 prad) crucial
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Optical Grating Experiment at
JETi200

HI JENA




Setup for Optical Grating Experiment

. 20
_ Ring laser focus

JETi200 laser Focus=(23.7 + 1.8) um = 10
 Energy=7.2J (before compressor) £
e 800 nm wavelength center Optical Grating S 5
e Pulse duration = 23 fs % e

JETi200 laser beam i -10

l 55 Ag=(4.2 1 0.1) um
“20 10 0 10 20
Sputting o LWFA driver focus xeposttion (pom)

7x1018 W/cm?2

M/sl'lll OAP ‘ . Focus = (23.7 + 1.8) um
o
60 mm Y - : B
diameter : o

nozzle T
Grating OAP Scintillation

Screen

F#3.3 959% Heand 5 % N, -
A 4 ik

Delay linear stage
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Interaction Time and [

Defined by the experiment geometry

Lint \

Lint = p
Having a crossing angle 9 = 5.5°, Electron ¢)\G f
b do
do eam >
and Lj,; = m——l 208 um v

tins =~ 582 fs / g

Fork = 2:1, = 6.4 X 1018 W/cm?/t;¢[fs] = 101 W/cm?
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Electron Beam Characteristics

1.00

_15_

Intensity (arb. units) =) =
o 075 2
0.5 1.0 c =
~ =
5 15 s
9 D
i) > 15 0.25 %‘g
S ° 12_
s 60 80 100 %00
o,
gé Energy (MeV)
>
:
>
A Beam charge (5.6 + 0.7) pC
Beam divergence (2.6 + 0.4) mrad
) > 0 5 4 Mean energy 73 MeV
Divergence (mrad) Average energy spread (27.3 +4.8) %
Weighted mean Lorentz factor 143
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Signal Modulation on the Electron Beam

T s I g 1o &
de de (arb. units) P 1!5 ,_;: 5.— P =
0.0 0.5 1.0 p
0.5 =
L
>
e CNERL - O e 0.0 %q‘i
500 1000 1500 2000 —° I8
Distance um)
g l
(C
|
E
IS A 1.2

[ =
o =
Vertically integrated

32101 2 3 u

0x (mrad) 0 500 1000 1500 2000
Distance (um)

Total of 184 shots analyzed
Distance between fringes = (330.1 + 6.6) um |:> Experimental peak-to-valley ratio: Ryy = 1.09 £ 0.04 H| JENA

Helmholtz Institute Jena

www.hi-jena.de

Daniel Seipt 3rd NanoAc Workshop 07.11.25



Source Size and Emittance from Experiment

K=2
QO
(strongest modulation depth, upper limit) E( 0.4 :
o, = (1.7 £ 0.2) um g 5
€rms = (4.4 + 0.9) x 1073 7 mm mrad § | :
= :
Values are comparable with quadrupole 3 0.2 )
scan results used with LWFA accelerators. kS , :
- grating strength .
qqc_‘) 01 T K= 02 E
K = O. 2 ._ K=2 :
(smaller modulation depth) 0.0 , , , ! o
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

o, =~ (1.2 £0.4) um
€rms = (3.1 +1.2) X 1073 7 mm mrad

measured peak-to-valley ratio Ry

From pepper-pot analysis:

Source size and geometric emittance depends only weakly on PP €. ~ 26 X 10~3 77 mm mrad

the precise grating strength modulation depth

www.hi-jena.de
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Developed and demonstrated all-optical single-shot emittance measurement

Experimental demonstration at JETi200

Theory for modulation strength allows inference from measured beam modulations
No precise knowledge of grating intensity? Upper bounds for emittance!

Systematic robustness of the method w.r.t. to background

Capability of characterizing electron beams with small source sizes and ultra-low
emittances in single shots

Optical Grating Theory: A. Seidel et al., PRAB 24, 012803 (2021).
Optical Grating Experiment: F. C. Salgado et al., PRAB 27, 052803 (2024).
Pepper-Pot Limitations: F. C. Salgado et al., arXiv:2412.09971. HI JENA

Helmholtz Institute Jena
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BACKUP
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Daniel Seipt

3.5 A — ge/E=0.1%
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3.0 7] O'E/E=2%
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2.0 - Og/E =20%
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0.0 -
-6 -4 -2 0 2 4 6
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FIG. 11. Simulated effects of different electron beam energy
spreads o/ E on the peak-to-valley modulations after interaction
with the laser grating. No detectable difference in the modulated
signal is observed, indicating that the variation in energy spread
does not significantly impact the modulation.
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Modulation Strength Theory

Model transverse phase space distribution as Gaussians

* End of LWFA: Uncorrelated phase space

2 2
n(z, pz) = Mo €xXp {—x— — p—"’“’}

* Just before laser grating: Correlated tilted phase space Free drift with drift parameter

( ) _ (CC B Lpfb“)2 p:21:
n(x, py) = No exp 202 207

[ — Zdrift
)4

* Laser grating: Instantaneous momentum kick p(x) Ponderomotive kick

Y {_ [z — L(Pg; op(x))]*  [pa +2(;Z;(CL‘)]2 } op(x) = U sin kox
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