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Photo Injector Test Facility at DESY In Zeuthen (PITZ)

What? When? Why?

« Develop and optimise electron sources for the X-ray lasers and particle accelerators of the future like FLASH
& EuXFEL

23 Years ago: Start of beam operation at PITZ

January 13th, 2002:
First photo electrons at PITZ
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OffICIal start on 30.1.2002: Prof Wagner and Prof. Wanka
open the photo cathode laser shutter during the colloquium
,10 years DESY in Zeuthen*
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Motivation

Accelerator, Light Source and Applications

Accelerators produce extremely bright, tunable beams (X-rays, IR, THz, etc.) used to

explore matter, biology, chemistry, and physics at atomic scales.

» Accelerator

« accelerate charged particle

» Light source

+ accelerator-based

» Applications
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An ideal Light Source

Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 10° 1072 107° 0.5x10 ~© 1078 10°1°

54 N _/4'
Approximate Scale t \ ﬂ‘ —{E—' *-‘4?
of Wavelength 7 _m& ’4_'4.
> S
Buildings Humans Butterflies Needle Point Pxotozoans Molecules Atomic Nuclei

Frequency (Hz) .

104 10%8 102 10'° 10'€ 108 10°°

https://en.wikipedia.org/wiki/Electromagnetic_spectrum
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Courtesy of A. Schawlow, Stanford.
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User’s wishes

* High resolution at small spatial scales

» Short wavelength
« Large statistics in single-shot

» narrow bandwidth

« Stroboscopic picture of chemical processes #_um

» Short pulse
« Large statistics in multi-shot

» large number of photons per pulse (Peak intensity)

* Most of the photons at the same wavelength

» Large number of pulses per second (Repetition rate)
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Light Sources

Generation Purpose Radiation Brilliance Bandwidth / Coherence
1st (1960s) Nuclea_tr_ Physics Broad, non-optimized Low Broad bandwidth, incoherent
(parasitic use)
Dedicated light
2nd sources (bending Broad, better-controlled Medium Still incoherent, broad
magnets)
Optimized with Narrower, tunable, : Quasi-monochromatic, partial
3rd (1990s) undulators directional High coherence
4th Free-Electron Lasers Laser-like, coherent Extremely  Narrow bandwidth, full spatial &
(FELSs) radiation high(Peak) temporal coherence
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Free-electron Lasers

» Tunability: FELs offer tunable output across a broad range of
wavelengths, from the infrared to X-rays. Wavelength tunable down
to 1A - atomic scale resolution

One of the primary advantages of FELs is that, in contrast to
conventional lasers, the radiation wavelength can be varied by simply

changing the electron energy
= Ultrashort Pulses: (fs scale) - molecular movies

= Coherence: FELs exhibit high temporal and spatial coherence —
Monochromatic V Collimated Y - single nanoscale objects

= High Brightness: This high brightness is beneficial for applications
requiring intense and focused beams, such as materials science,
biology, and imaging.

» Modern FELs such as FLASH, the European XFEL, and LCLS can
reach peak magnitudes on the order of 1033
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electron beam
undulator

FEL Requirements on e-beam | 000606050 00800608.00600000 e
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* Radiation Power: P(s) = Pye % *°

» And pierce parameter depends on , Beam Energy, Peak Beam Current, Trans beam size — emittance and

Undulator
e-beam Peak Current Undulator Parameter
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» To have a large p (for a given lasing wavelength), we need a beam at the undulator with high peak current,
small transverse emittance, small energy spread
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SASE FEL Requirement on e beam

is the undulator period length

Basic scaling laws for a Self-Amplified Spontaneous Emission FEL that drive the layout of facility:

A . . e
ey < y—,¢ey: Normlized emittance, A,.the FEL resonant wavelength and y the relativistic factor
N 2’ EN r

2
The resonant condition is written as 1, = % K = 93.4 1,Bgruys IS undulator period, Brys is the RMS undulator field, 4,

peak current: 5 k4

energy spread:

2.5 MeV

= The gain length is : L, = — ~ 40; - -
4-7T\/§p 7] - €n =1 mm mrad
1.1 Ipg Ay K\ pqx § 30| /\
n h — = [—_2PK "u (BN273 B -
The FEL Parameter:p = " [2n2 1) Ben (y) 13, % s [ {
» |« IS the peak current, 1, = 17kA, E,E 207 /
éé) _ n=a
= Energy spread has to be smaller % <p 10 Ga = 2 mm mipd
] . . :g_ /§8n=3 mm mrad
Transverse Emittance of e beam cannot be improved in a & _ S
LINAC —has to be minimized at the Injector 0 100 200 300

Path length in the Undulator (m)

W. Decking, Proceedings of the 27th International Free Electron Laser Conference
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XFEL key component: = high brightness electron source

Why electron injector is so important?

=» property of linacs: beam quality will DEGRATE during acceleration in linac =» electron source
has to produce

Example soft x-ray SASE-FEL: original FLASH design lowest pDSSIblE
RF gun Diagnostics Accelerating Structures X Collimator Undulat emittance !!
= o v () oo e A i
l -l T IO A m-‘
Bunch Bunch
Compressor Compressor FEL
aMeV 130 MeV 470 MeV 1000 MeV Bypass Experiments
» High phase-space density: » Low emittance is a key figure of merit
_ short bunch length for circular and linear colliders and
- small energy spread FELs
- high bunch charge = High photon brighthness — low
- small area in the phase space (Emittance) electron beam emittance
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Emittance

A measure of beam quality

€ = 6 dimensional phase space volume occupied by given number of particles

long.: &, ~ (e bunch length) ¢ (energy spread of e bunch)

. €__~(e'beamsize) s (e b lar di 1O — o
trans.: X,y (e-beam size) ¢ (e beam angular divergence) JJ_]O“**_: AR

effect of acceleration on transverse emittance (adiabatic damping):

before: after:

P

p1z pZz
0, < 6,
= angular divergence is reduced = [eye igf,

—> normalized RMS transverse emittance:

| v
n o__ 2 2 ~ v "y - — —
EX—B.Y.\/U}:.GX‘_{"{)" (X,X)-} B_E'«‘ Y=

(g" is conserved in general)
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Beam Quality determination at Source

» Performance of machine depends on the quality of the beam generated by the injector the RF Gun

» The emittance growth in the RF gun occurs close to the cathode surface due to the defocusing space-

charge forces, — where the beam is non relativistic.

» The minimization of defocusing space-charge forces is required to obtain the min emittance which is basic

requirements for FELs

¥
Space-charge forces
are stronger in the

middle of the bunch,
where the charge
density is greater

= |t can be done by

» Gun Gradient is important to reduce the
emittance, increased gradient reduces space
charge forces

« Cathode properties to have less space charge

(Green Cathodes) !

» Photo Injector Laser (PIL) temporal and
transverse profile

» Magnetic focusing of RF gun
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Laser shaping
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High density of the electron beam phase space

Why electron beam emittance must be small

40
XFEL
> A /kazlmmmrad
O3p (1A)
iy
2 /
020
:- r'"\% O;doder Born
81 0 €=2 mm mrad |
o.
j / g=3mm
O / __.---"""d—_-—_-__

0 200 300

Undulator length, m _ o _
Beam emittance in linear accelerators can only increase =»

=>» High Brightness Electron Source required to start with smallest possible

Goal emittance for the XFEL: emittance

inj 21
0-9 mm mrad @ injector E-beam brightness: B «
1.4 mm mrad @ undulator entrance ExEy
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PITZ

« Conditioning and characterizing gun « Applications

- R&D » High Brightness Beams for FELs
« Photoemission studies - TeraHertz Radiation

« Diagnostics methodologies
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PITZ evolution 2002 - 2022

vear->| 2002 | 2003\ 2004 2005 2006 2007 2008 2009 y{J. 2010 2011 2019 | 2020 | 2021 | 2022 2025

cavity Gun? Gunl Guni.1l¢. G3.2 Gund.2 Gund.1 Gund.2 Gun5.1 Guns.2
S [zmv/m] 3 | a7 42-->60 13 K

Ebeam ~4leV 4. 3MeV-->6MeV | 4.5MeV
2 cavity . TESLA at 2.5m TESLA at 3.1m CD5 at 3m
2 |Ebeam _ ’EEU ~25MeV
E temp . - n
i A | 2=ttt [ A

EMSY1 z=1.618m z=4.3m 2=5.74m 2=5.277m

Ldrift 1.02m 2.334m 2.64m 3.133m
E method |center BL 3xBLs e-meter 11xBLs continuous synchronized (detailed) scan +slice with TDS

min £ ey 3 1.51.7 1.37 1.26 0.9 0.7 0.8

mm mrad {inc) | (inc) {(inc) | (1nc) (1nC) {1nC) (0.5nC)

[charge)
PITZ goals small emittance (nominal EXFEL) +reI|a-b|I|t-!,ratfu|| performance +emittance {EXFEL startup) . .

+THz idea +plasma +THz project +Rad.Biology
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PITZ Collaboration Partners (formal contract signed)

contract on green

: hotocathod
= Founding partners of PITZ: _ _ photocatnodes
* INFN Milano (C. Pagani): photocathodes/
« DESY. HH& Z ing insti urren : ,
(leading institute) creny L+ INR Troitsk (L. Kravchuk): CDS, TDS, Gun5

« HZB (BESSY) (A. Jankowiak): magnets, vacuum
* MBI (S. Eisebitt): cathode laser

« TU Darmstadt (TEMF, T. Weiland, H. DeGersem): simulations

* INRNE Sofia (D. Tonev): EMSY + personnel
« |JCLab Orsay (W. Kaabi): HEDA1 + HEDA2
- « UKRI Daresbury (D. Angal-Kalinin, B. Militsyn): phase

_ space tomography
= Other national partners:

(Duangmanee Wongratanaphisan, Ch. Thongbai):
personnel

* AANL (YERPHI) (G. Karyan) + CANDLE (B. Grigoryan),
Yerevan: personnel

 LBNL Berkeley (Th. Schenkel): PWFA, NC CW Gun
* SLAC (N. Holtkamp): LCLS-I undulators

- most PhD students;

- HGF-Vernetzungsfond,

- generation of short pulses
- plasma experiments

* HZDR: i NG
- BMBF-PC-laser-project between MBI, DESY and HZDR, until ~2009;
- collaboration between HZB, HZDR, MBI and DESY in SC-gun-cluster

* * ’JHJ Baltic Ses Estoniaf
+ IHWildau: . —<— Y.
- radiation biology and FLASH radiation therapy , nited g L“""'""’)“ @ * *
<, Kingdom ¥
. - Ireland o #}) Poland ‘g//‘?f'i'l“;i‘
» |nternational partners: “z Ge*mm{tnm:,> 3 *M?
Perl 7 vé :;"f!f" SLE akia® ﬁukraine
carenty | AP Nizhny Novgorod + JINR Dubna: 3D elliptical laser pulses, THz radiation B ,,/j;;“f*"""{?g{v; hilape® o N,
=P < INFN Frascati + Uni Roma Il (M. Ferrario, L. Palumbo): E-meter and TDS pre-studies *Q{VWN ;{‘ LG e —
E Spam G reece Turkey

2 s
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Photoinjector Test Facility at DESY in Zeuthen (PITZ)

pEeeoeoeoeeeeeee= S e eaeaeacacacacocoaoaoaoaosees
| Photoelectron gun: | : Transversely :
i ) L
1 Accelerate to ~7MeVic | deflecting structure: ! Radiation biology
I Transverse acceleration beamline
for beam diagnostics ! T e !
,ﬁ.--------.g ...... n | nilimn=
i
Gun Booster RF deflector K I
= = II II - L ‘k ---------- d
IS IR SIS o ""h - E 00 \ 0
B X ! . g [H}'\\ﬁ
Undulator
&5
&
Symbols: .azﬁt(‘;:rrent = \i'\"iii’n;‘:xn |:|Wire scanner Z
' --------------- ' \ Screen D Quadrupole §| Sweeper ------------

Undulator:

| itv:
I B 00 Ster cavi ty . : OO E:;i:j?j{l::nuppl lréig;ce::ﬁ]de?urrent - 22f§rt13;t Beam stop
1 Accelerate to 22 MeV/c

in THz (sub-mm)
region

y Dipole magnet:
: Deflects beam :
i !
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Solution to low emittance
Photocathode RF Gun

R L baerF{?u; sz}
Example: PITZ gun =oened NC (copper
standing wave Coaxial RF
1.6-cell cavity

Photo cathode
ITZ (Cs,Te)

QE~0.5-5%

Zeuthen

Photo Injector
Test Facility

Cathode laser
262 /257 nm

Mirror in
Vacuum

.""l;_

Main solenoid,
Main properties of PITZ gun: Bz_peak~0.2T W’\
1.3 GHz cavity, coaxial RF coupler (flexible solenoid position) 1nC, ~6Mev

Capable of high average power - long electron bunch trains (SC linac)
Very low normalized transverse emittance
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Some parameters of FLASH and Eu-XFEL

500 us 900 us

—A .
~ RF power ’__F____d__w-”'ff
beam N o
time micro pulses: I I I nT - I

Parameters
final beam energy 1.2 GeV 17.5 GeV
max. repetition rate 10 Hz 10 Hz
max. train length 800 s 650 us | =2 Gun|5 aims for 1ms !
bunch spacing 1-20pus 0.2-1ps
required injector emittance (1 nC) 2 mm mrad 0.9 mm mrad
SASE output wavelength 4 =30 nm 0.05-4.7 nm
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Operating an acceleration RF cavity

|-7 Crift Space —-—|

. . WERT oy "Buncher" "Catcher”
Cavity Cavity

" PMT Density of Electrons
-a= Cathode \ Callector
' By —o000 —

. @ or I
; | .PG PG. @ ¢

| T T

e detector PMT PMT P Uy
'Y Anode

K b T—_— J Mil:ruw?ave Input Microwave Output

PMT e detector

« Amplifier for radiofrequency (RF) electromagnetic wave
* Waveguides (metallic hollow tubes) direct RF to cavity

« Insulation gases improve electric breakdown threshold
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RF cavity

The rf photoelectron gun cavity operates with a
standing wave regime with a resonant frequency of 1.3
GHz

Main parameters

Max. accelerating gradient at the

cathode, MV/m o
Frequency, MHz 1300
Unloaded quality factor ~20000
Beam momentum after gun, MeV/c 7
RF peak power, MW 6.5
RF pulse duration, us <650
Repetition rate, Hz 10
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Photocathode load-lock system

Gun

A load-lock cathode system allows mounting and changing of
cathodes while maintaining excellent ultra-high vacuum conditions

Cathode plug

CsTe surface for photoemission
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Gun designs

max

Electric field distribution for Gun4 (a) and
Guns (b), from [1]

+ Optimised cell shape for higher RF efficiency and reduced peak surface field for same cathode gradient
» Direct field measurements inside the Gun with the help of a RF probe
» Higher cooling efficiency (Gun 5: 61.3 kW average RF power, 6.13 MW for 1 ms @ 10 Hz; from [2])

DESY. | PITZ overview | Sumaira Zeeshan | 21 Aug, 2025 Page 24



Overview of the PITZ beam line

i1 =
)
Gun Booster RF deflector R
B ® SO
e o 00 e § LN SN
B X Vi
0 | Undulator
&
Symbols: . Dark current _q Beam exit
y ' monitor window |:| Wire scanner
\ Screen DQuadrupoIe — Sweeper
Faraday cup/ 5 Integrated t Safety
00 teamaomy ¥ oo W pgnes ] Beam st

DESY. | PITZ overview | Sumaira Zeeshan | 21 Aug, 2025 Page 25



Overview of the PITZ beam line

&
Gun Booster RF deflector \
s N NI SR AN 5
[
. {0 Q-0 D0 B 0 00 = Y INTET Al M~
B X 57 ﬁ
' Undulator
> 0 J &3
Symbols: .ai:?tgl:"em = S'V%adn;‘:xn |:|Wire scanner
\ Screen DQuadrupole —— Sweeper
00 benm e W aegratod current gy o Beam stop

Main solenoid yoke

Solenoid magnets (focusing)

Gun quadrupoles
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Overview of the PITZ beam line

=+
Gun Booster RF deflector :‘
S

SITNTNTTTRNNNN NTTEN — ampai-d 3B 0 \ o)
D[F'\\ﬂ

s “ o ' I
¥ X /4
0 5 o2 Undulator

i

Symbols: ' Dark' current - Bgam exit
monitor window Wire scanner
\ Screen |:| Quadrupole —— Sweeper
Faraday cup/ Integrated current Safety W
OO beam dump transformer = magnet Beam stop

Steerer/corrector magnets
(distributed all over beamline) S
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Overview of the PITZ beam line

il =
S
Gun Booster RF deflector Ry
B ® SO
||= NI T NN ||H=|| AN LN SN
H X ﬂ
0 | Undulator
&
Symbols: . Dark current - Beam exit
y ' monitor window |:| Wire scanner
\ Screen DQuadrupoIe — Sweeper
Faraday cup/ g4 Integrated t Safety
OO beam dump 1 t?a?‘g][gr:ene?urren = magnet Beam stop

Quadrupole magnets
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Overview of the PITZ beam line
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H X
EEOW' 000 020 ||H=
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Symbols: ) PELATEN Dm
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Faraday cup
Charge measurement: Current
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bera:{“ ‘ Vnut
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Overview of the PITZ beam line
Emittance Measurement SYstem (EMSY)

0 =
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Overview of the PITZ beam line

Gun Booster RF deflector
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Overview of the PITZ beam line

Gun Booster RF deflector
B X
l N - II II - — A\
[ @ R QU BB B WH\&B
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% 0 1 83
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\ Screen DQuadrupole —— Sweeper
Farad / Int ted Safet
00 beam g W g et m oCY, [ Beam st
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4} || |
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Measurements of momentum and momentum spread
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Transversely deflecting structure (TDS)

Mapping longitudinal to vertical coordinate
* Bunch profile
« Longitudinal phase space

. screen
« Time-resolved transverse phase space
« Slice emittance [1]

Properties
 European XFEL prototype

« 3 GHz (S band)

a)3nC M7 T b)1pC "N 7T
i —— 158.0 deg r —— 154.0 deg

" -22.0 deg \ -26.0 deg
150] . -:115'» b
Em_- N :E'mu:- :

£ £ |

3 I 3 ! ]
S0F . 005 [ \ .
: FWHM = 19.8 ps ] : /FWHM = 6.2 ps ]
%% T S 20 09045 T 10

0 0
time (ps) time (ps)

[1] D. Malyutin, Ph.D. thesis, Universitat Hamburg, (2014)
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Photocathode development

Up to now mainly UV cathodes (Cs2Te) were used at PITZ, INFN LASA Milano develops new green cathodes

Cs2Te: Green cathodes:

« Developments for DESY machines for were done by INFN LASA Milano |+ Emission at green PC laser

» Standard production for DESY’s facilities (XFEL, FLASH, PITZ) was taken wavelength

over by DESY Hamburg, special cathodes are still developed by LASA +  Aim for
+ Lower thermal emittance

+ Example: Cs2Te cathodes with different Te thicknesses:
»  Simplified photo cathode laser

S nm L 10 - 15 nm EHE_ i?;"ﬁ"m L system = omitting conversion
| [ g | Hsm | to UV leads to
QE map ©. £ Ems_ +  Lower primary laser energy
- ' 2 | ] required
EMEW - + Less degradation of laser
thermal € osft ] pulse shaping
mittance 088 e ———— + Low dark current, high life time
map B Blectric fisld (MVim) + robustness to be maintained

- " e T *  New developments at LASA

> PRAB 25, ongoing ...

» Anti-correlation between QE and thermal emittance observed 053401 (2022) L
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Photoemission

QE = 23.26%

Quantum efficiency is defined as the
number of electrons emitted divided
by incident number of laser photons.

500 -

Charge, pC
3
3

@
=1
=]

Electron bunch charge (in coulomb)

O=-—0.L.

ho wl

Where W _— Iaser pulse energ\’! (J) Do‘; 1c|»o 2c;o 300 40‘0 5c:o sclro 7olo 800 90‘0 1000

Laser pulse energy, pJ

ata saved to /doocs/measure/Cathodes/QE/2019/20191014N/QE_0600.txt

fi = photon energy (eV)
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Dark current

Unwanted electrons emitted without laser trigger
Main cause: Field emission from high surface fields
Follow Fowler—Nordheim behavior. J « E%exp(-B/E)

Impact on Beam Quality
» Adds uncontrolled background charge.
» Increases beam halo and emittance.

» Can degrade energy spread measurements

Risks: Radiation damage, heating of components

250

200

150

8.6
8.5
8.4

8.3

Maximum from P2P = 246.9 +/- 2.8 - 55.9 uA at Imain = 350.0 A.

Maximum from Amplitude = 164.1 +/- 4.0 uA at Imain = 350.0 A.
= T T I X T T T T
S 1 —J—rP2pP
+* —F— Amplitude
b I I

1 L 1 1 L ! L 1 1 1
300 320 340 360 380 400 420 440 460 480 500

Gun power (at Imain = 350.0 A) = 8.48 MW.
Average power in the gun = 8.47 +/- 0.06 MW.
| T T |

300 320 340 360 380 400 420 440 460 480 500

Diagnostics — Detected using Faraday cups, BPM background, radiation

monitors, or dark-current spectrometers
Mitigation
» Improve cathode and surface finish (polishing, coating)

» Reduce peak field where possible

» Use collimators and apertures to intercept unwanted electrons.

» Conditioning of gun to lower emission sites
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69

38.9

38.8

38.7

38.6

Average gun temperature = 68.81 +/- 0.07 deg C.
r T T T T T T T T

300 320 340 360 380 400 420 440 460 480 500
Imain, A
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Example from gun condltlonlng

519 w3
€ 65 =-350 =
c 5_% =300 5
S 4— =250 §
F = ——200
A =150 2
v 2= =100 2
B = S0y
@ O 140/05/2016 | 11/05/2016 |12/05/2016 | 13/05/2016 | 14/05/2016 | 15/05/2016 | 16/05/2016 | 17/05/2016 | 0
= GUN.IGP1
=== GUN.IGP2
— CATH.IGP4
[ Mo data
[ shutdown
Intarieck
w
SN | mmhw 111 l!hm-&-lllll -gggllg_v"llllll
E _ _
210" 070572016 |11a’05!2l}15 [12/05/2016 I13£0512015 14/05/2016 115/05/2016 116/05/2016 | 17/05/2016

-

Maximum P‘o‘m’ﬁl’ﬁﬂl\lw T T T T

Maximum Reflection WG2 t t: % Cotind
1

Maximum Reflection WG1 1y ¢ : 1 1: 1 R S S |

PMT Vacuum Window WGT Air HRERIEE HIERIRERET I
Pressure Gun.IGP1 i 11 i i 11 IfLrir o ormer o
PMT Vacuum Window WGzﬂacuum ' i 1 ! 1 1
PMT Vacuum Windpow WG1 Vaguum Ct IR t tr tity
PMT Gun Coupler b I ; 1 S R : Is.:

e- Detector Gun Coupler  + @ TR HEEHEEEEIIE
Pressure Cﬂun IGP2 1yt ! 1t 4 O - S I 1111 I 1.

110/05/2016 | 11;05;2&1 6 |12/05/2016 I 13/05/2016 I 14/05/2016 | 15/05/2016 | 16/05/2016 | 17/05/2016
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vacuum windows

Klystron

10MW in-vacuum
directional coupler
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Interlock (IL) system at PITZ

« The PITZ gun IL system is designed to protect the GUN PHOTO MULTIPLIER COUP GUN PMT WIND
accelerator from damage. It quickly stops the LLRF in
case of e.g. sparks, light, RF or vacuum problems
near the accelerating cavities. U |

600 800 1000 1200 600 800 1000 1200

RF2WG1CavityFW RF2WG2CavityFW

« The PITZ IL system reaction time is in the range of a — —

few microseconds — RF can be stopped within the l l

RF pulse s 1% ket _

400 600 800 1000 1200 600 800 1000 1200

« IL system collects signals from all IL devices and 100 G ICURE RF2WG2CavityRE

produces a common IL signal which stops the RF Bﬂﬁ

power. kol ("

60
o]
20

P
400 600 800 1000 1200 800 1000 1200

Undisturbed RF pulse =
- IL event detected -
- RF pulse interrupted -
-> Signals after IL event (RF is off)
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High brightness electron sources and
their applications

1. THz FEL



PITZ

Applications
DS Radiation
< 7MeV/c < 22MeV/c biology
Gun LEDA CDS Plasma HEDA1 TDS PST Bunch compressor

THz undulator

Symbols: ¢ Dark current —q Beam exit Tunnel 1]| Tunnel 2
monitor window Wire scanner
\ Screen D Quadrupole == Sweeper
Faraday cup/ , Integrated current Safety
00 beam dump 1 transformer . magnet Beam stop
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Motivation

Wavelength (Meters)
10° 102 10°* 0.5x10°¢ 10* 10" 1012

Radio jMicroth‘h lnlrared] Visible lUItravlolct,l X-ray _‘1GammaRl:

About "“M\/\/\/V\A/W Exploration of matter
* Length scale - ~ Angstrom
W~/ & = 5 @

 Time scale 2 ~ femtosecond
Buildings People Ant Pinpoint Bacteria Molecules Atoms Atomic

Nuclel
10* 10* 10% 10 10" 10% 10%°

Frequency (Hz)
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Quantum laser

Principle

« Excitation: External energy moves electrons from ground to excited states

« Metastable state: Electrons drop to a long-lived energy level — population inversion

« Stimulated emission: Incoming light triggers electrons to emit identical photons — light amplification
« Works with bound electrons in atoms/molecules

* Requires a gain medium and optical cavit

Short life time of inner
electrons

Larger energy
required to excite
them

Absorption Population Inversion Stimulated Emission

g :

FEL differs because it uses free electrons in a magnetic undulator instead

DESY. | PITZ overview | Sumaira Zeeshan | 21 Aug, 2025 Page 43



Free-electron laser performance

Transverse emittance
« Volume in transverse phase space

€ = Byy/(x2)(x'2) — (xx')?

€ Arad

IA

Emittance criterion:

By 41 [1]
/ N\

Beam phase Radiation phase
space emittance space volume

FEL process on fraction of bunch
« Slice emittance important Projected ellipse
« Slice matching determines projected emittance

Slice ellipse

[1] P. Schmuser et al., Free-Electron Lasers in the
Ultraviolet and X-Ray Regime, Springer (2014)
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Light sources

Source Intensity Spectrum Aw

N single arc — wide spectrum > IR — X-ray
electrons = (depends on vy, R)

hw

X Nelectrons X Npoles 4 l

ho

o Nejeqtrons X (Npoles)2 4 ‘ | coherent interference — narrow lines.
Undulator ho
_._-?"‘ x (Nelectrons)zx (Npoles)zp undulator + feedback — laser-like beam—> UV —
, hard X-ray

Free Electron Laser A.

Bending magnet

many arcs — more flux, still broadband - IR —
X-ray

Wiggler

how
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Motivation

A method for time resolved measurements

= Static

» A continuous-wave (cw) laser is pointed on the sample and
the output (spectrum, spatial distribution etc. is analyzed)

= Dynamic

» Ashort pulse laser is used to investigate transient
phenomena

= Pump-probe

2 laser pulses are used*

» The first laser pulse (pump) triggers a reaction from the
sample

» The second pulse (probe) is used to characterize the
sample

» The delay between the pulses is scanned to investigate
sample dynamics (other properties e.g. pulse energies can
be scanned, too)

* The 2 pulses can come from the same laser or from
different lasers (with different wavelengths)
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Zhang, X., Shkurinov, A. & Zhang, Y. Extreme terahertz science. Image plane
Nature Photon 11, 16—18 (2017). htips://doi.crg/10.1038/nphoton.2016.249

X-ray Sample
A
|
'. ” THz
l 11 P‘ A
'.i' ‘.'l v '.' —__BEE
3 | | _F,_/-/

Figure 1| Conceptual illustration of a pump-probe experiment employing a THz pump and an X-ray
probe for time-resolved nanoscale imaging. The idea is to use the THz pulse as a pump to modify the
atomic structure of a target and then capture an image of the atomic structure by X-ray scattering.
At is the timing between the X-ray pulse and the THz pulse.

Page 46



THz Free Electron Laser

2

Laser based THz sources are limited at high repetition
rate, while most IR/THz driven dynamics needs pulse

energy above 1 uJ.
(1]

it
<

1,3,5,6 - Optical rectification
2 - Photoconductive antenna ™

4 - Two-color Laser fllamentatlon g
7 -CTR (LCLS/FACET)

8 - UR (FLASH) ¢ ]

9 -UR (TELBE)

Ise energy [/ uJ
5 5 3

oy
S

[1] B. Green, et al, Sci.Rep.V. 6, Article number: 22256 (2016)
[2] M. Gensch, Proceedings of FEL 2013, 474 (2013)

maximum pu
2
BD

[3] T. |. Oh et al 2013 New J. Phys. 15 075002 103
[4] https://flash.desy.de/
[5] https:/iwww.hzdr.de/db/Cms?pOid=34100&pNid=2609&pLang=en .
10 :
109 10" 10f 108 104 ‘IIF 10% 107

pulses /s
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Free Electron Laser

Basic principles

In a free-electron laser (FEL), the magnetic field of the undulator magnet
causes the electrons to oscillate transversely and at resonant wavelength A,

Undulator

Electron
"""" X-rays A KZ

beam o
""' Arad:zyz 1+2
Beginning of undulator: End of undulator:
2mmc
e ® L]
oo S YR g
Random position of electrons. Microbunches at radiation nodes.
Incoherent emission Coherent emission

These oscillations induce micro-bunching on a scale of 4,4 which causes
electrons within the micro-bunch to radiate coherently at the resonant
wavelength.
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Free Electron Laser

Basic principles

n
»

log(radiation power)

A 4

undulator distance

The process is referred to as Self-Amplified Spontaneous Emission (SASE).

...starting from the shot noise!
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X-Ray Free Electron Laser (XFEL)

SASE = Self Amplified Spontaneous Emission

microbunching

| ¥ [mm]

P [GW]
=

to electron
dump

electrons from
accelerator

E-beam brightness
B 21 The European XFEL, SASE-1: 4, =40 mm, E=17.5 GeV, 4=0.1 nm
X

ExEy
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Proof-of-principle experiment on THz SASE FEL at PITZ

Using LCLS-I undulators (available on loan from SLAC)

Some Properties of the LCLS-I undulator

PITZ+ LCLS-I Undulator

Type planar hybrid (NdFeB) '
g
K-value 3.585 (3.49) e
I . ‘lml““?; s
Support diameter / length 30cm /3.4 m ' g """m“_
Vacuum chamber size 11 mmx 5mm
Period length 30 mm
Periods / a module 113 periods
Reference particle trajectories in the undulator with horizontal gradient
Main challenges: B — vacuum
«  Space charge effect £ O [ttt CE‘;:';Z?
« Strong undulator (vertical) focusing + horizontal gradient ~ » -10 —no correction
« e : ¥ 0 —with initial angle
« “Full physics” might have to be considered —_with correction coil
«  Waveguide effect -30

: . : 0 0.5 1 1.5 2 2.5 3 z, m
+ Wakefields: geometric and conductive wall effects
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PITZ upgrade for the proof-of-principle experiment on THz source

Design and technical Implementation

@
w Installations (~17m /)

4 A_

= a2 ‘ g ) Z:,N- :;" e —— — .
— N g . Main tunnel
LS ST e el TR SR ~1.5m Tunnel annex ™\

Chicane bunch compressor
(4 HERA corrector dipoles)
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THz SASE FEL at PITZ
First Lasing on 09.08.2022
NB: SASE=start from noise

8 Fle | 3 Varical |+ Timabase
]
v **"l——""""!?‘,",“"'lﬂh-llu|emm-|un-

Pyroelectric detector
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THz SASE FEL at PITZ: THz diagnhostics setup

Startup: pyroelectric detectors with collector cones

High3.Scr2

High3.Scr3

Estimated transmission

49%

63%

Short (kicker) coils

radlatloné

ﬁ"" detector —

HIGH3.Scr2 mirror

Pyroelectrlc

Lig ht
coIIector

HIGH3.Scr3 mirror

Band-pass filter

\\ BPF3.0-24
§ Ao~102um; Sh~12um

\ <f>~3THz

Pyroelectric detector THz10 ———— &=

Diamond 20mm viewport

Simplified layout of the gain curve measurement setup
& O 0 0000

~M\>
00O 0 oo
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Transmittance (%)

100

904
80 -|
70 -
60
50 -

40

30 4+————— !

20+

104

o |

Mesh Filter 100 um Ne14 Wavelength (um)
TYDEX, LLC.

T T - T g T T T T
60 80 100 120 140 160

Page 54



THz SASE FEL at PITZ: Gain Curves

First Lasing Characterization

Gain curves

] Z 4 ——3nC

y —-2nCc | ST
3
- 0.1 ——1nC
>
2
o 0.01
©
0
=
S 0.001

0.0001 I,/'
0 05 .7 1 1.5 2 2.5 3 3.5

L7 z along undulator, m
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Gain curves at 1nC, 2nC and 3nC for HIGH3.Scr2:
In-vacuum mirror with hole

No band-pass filter (BPF)

Lasing at ~100um =» high gain THz SASE FEL at PITZ!
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THz SASE FEL at PITZ

Electron beam matching (2nC) for lasing
~photocathode laser pulse

o
=

units

0.08

5 0.06

arb

ty

g 0.04

te

Gaussian,
. 7-8ps FWHM
-15 -10 -5 0 5 10 15

c 0.02}

y (mm)

X‘tl*ms =1.41 mm, Yrms = 1.12 mm

4 Xrms = 0.86 mm, Yrms = 0.89 mm

measured

simulated

Xrms = 1.34 mm, Yrms = 0.22 ghm

simulated

4

~3.5m

Qe

) Qg )
Intensity (arb. unit)

y (mm)

Qg
Intensity (arb.

-2
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current (A)

150
100 |
50 Measured beam
current profile
0 1 1 1 1 Il
15 10 5 0 5 10 15
time (ps)
measured

Xims = 1.27 mm, Yrms = 0.61 mm

X (mm)

simulated

Xrms = 1.30 mm, Yrms

T
Xrms = 1.53 mm, Yrms = 0.26 mm
D~
S} —
: ;
g =
Q E >
B
o & B
a
2
g
v
By 4 L
4 L i 1 X (mm)
—4 -2 0 2 4
X (mm)



SASE Gain Curves at High3.Scr3 with BPF

In-vacuum mirror without hole + 3THz Band-pass filter Optimization progress
<pulse energy> (fluctuations)
, Gain curves at High3.Scr3 with BPF (3THz) 100 High3.Scr2 Vs High3.Scr3
10° 1 ! T
—F—-<w>, inc | T ' < 4 Jw»?
—I—<W>, 2nC 1‘ ‘ ‘
= -F <W2ﬁ201n0 i 180 5© Bunch 1st lasing, Tuning,
2 ==y [<W>, i N charge no BPF BPF
A 100 E | =)= J‘NI{W}’ 2nC "'l .. : ;
% &0, [<W>, 3nC* - 160 !g 1nC  0.36 uJ (32%)  6.12uJ (13%)
> . ™ S
o i b
5 - R | | Z onC  0.55ud (52%)  21.44ud (10%)
c , . Q ' 2
o kS 140 %
@ 107 a E 3nC*  2.26u (78%)  29.67uJ (19%)
a 1 U i .
O ‘9~--..,~:.@:‘_ e 20 * Not fully optimized
..__,-:8
10 | | | 0 NB: _
15 2 25 3 35 « Calculations for the BPF (A,~102um)

- <Pz>~16.5MeV

Position w.r.t. undulator entrance, m « Experimentally > <Pz>~17MeV/c
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Correlation beam@Disp4.Scrl and pyro signals observed

& HIGH3.Scr2 Wi HIGHS.Scr3

il

DiPOIe

HIGH3.Scr2 mirror HIGH3.Scr3 mirror

8 L L | [ | o 2

TH7 radiation: B Screen at dispersive section Disp4.Scrl

P1:pkpk(C3) P2:pkpk(C3) P3:hmean(C4)
216 mV 21.6 mV
v
c3 [N
10.0 V/div 500 mV/div 50.0 mV/div| € No data
-28.480 V 13700V | -141.00 mV| available. |
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Disp4.Scrl

' .
[~ +269.000
e.lﬁv :

o

" +189.000 ~
REW

* |

| '

% |

| )

. |

o

DESY. | PITZ overview | Sumaira Zeeshan | 21 Aug, 2025

Microbunching?

.
+136.000
|




FLASH

| > 3" harmonic s¢ module 3.9 GHz

> TESLA type superconducting
accelerating modules 1.3 GHz

| > FLASH1 fixed gap undulators | > FLASH1 Albert Einstein Hall |

* FLASH is a free-electron laser
(FEL) facility at DESY that
produces ultra-short and

intense XUV and soft X-ray
pulses. The photon energy at
FLASH ranges from 14 to 370

RF Stations
vV VY

v

eV depending on the RF Gun  Bunch Compressors
wavelength and the beamline Lasers
5MeV 150 MeV 450 MeV
= hc
-2

Accelerating Structures

B Bt

> Normal conducting 1.3 GHz RF gun
> CeyTe cathode
> Two Nd:YLF based ps photocathode lasers
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Soft X-ray
Undulators

Photon
THz Diagnostics

1250 MeV

I > FLASH2 variable gap undulators | | > FLASH2 Kai Siegbahn Hall

Katja Honkavaara | PITZ Collaboration Meeting | June-13, 2017

| > Extraction to FLASH2 |
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European XFEL

Injector L1 L2 L3
Vo 130 = 0.16 GV V,=0.65GV V,= 1.85 GV V,=5.5t0 15 GV
(D:L_g = 20° Q= 28° O=22° Q=0 KS.ASEIJZ =3.9-1.65
Vo, 2561 = 25 MV Kspses =9-4
D50, =190° 4 Module 12 Modules
1 Module A4| | |As]
-\N
9 kw
Gun H, Dogleg, BCO BC1 BC2 Collimatiof
1.3GHz R =:150t0-30 Ree = -120 to -50 =-80t0-20 R, =0

600 MeV 6to 17.5 GeV

e s

The European XFEL reached a world record photon
energy of 25 keV in 2020, corresponding to a
wavelength of 0.5 Angstroms. The facility can operate
at photon energies from 0.25 to 25 keV
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High brightness electron source
applications

2. Flashlab at PITZ



What is FLASH radiation therapy ?

FLASH effect is an experimental observation (Favaudon, 2014), underlying mechanism still under study

» Medical/biological definition of the FLASH effect (in vivo):

- Sparing of healthy tissue by radiation with short, high intensity pulses (e", p, ion, x-ray)
while having at least the same tumor control as with conventional radiation

100 >
Local tumor 7
control
(TCP) /
. Normal tissue
= complication : o
e " <E| | (NTCP) - Opening therapeutic window
% 0% Ds f ) — Strongly reduce treatment time,
rs / simply life for patients
=1
/ . —» Treating radiation resistant cancer
/ Therapeutic ratio
0 > =P - With online imaging (e.g. via XFI):
Dose confine dose to moving cancer (e.g. lung)

Basic sketch from M.R. Ashraf et al., Frontiers in
Physics, 2020, doi: 10.335%fphy 202000325

Dose: absorption of one joule of radiation energy per kilogram of matter
Dose rate: A dose rate is quantity of radiation absorbed or delivered per unit time (uGy/h)
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Conventional RT

cancer cell death

Do
"R

Q

DNA

cancer cells

DESY. | PITZ overview | Sumaira Zeeshan | 21 Aug, 2025 Page 65



an
&0

40

Probability (%)

20

dose, Gy

Conventional RT

Tumor
control

Normal tissue
complications

L 1 L L
] 10 15 20 25
Dose (Gy)

100

Probability (%)

-
o

-2

0.05 Gy/s
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10°
time, s

g0

60

40

20

FLASH RT

s Tumor
control

Normal tissue
complications

L 1

i A i
2 10 15 20 23

Dose (Gy)
o 4
0]
o
3]
o
=
0 107
time, s
10° Gyl/s
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Worldwide unique parameter space available @PITZ

L ] L ] L]
1“2 - ® . - . Bunch (peak)
» » -
i nl o o _ dose rate
0 . * .
107 [~ 1 - -— Average dose
L ] -

™ L . rate within
r= 102 - train (1 ms)
(] | |[J-L. Ruan etal.,
= IJROBP 2021; . ¢ o Dose per
5 1074 [ 111(5):1250-1261 o . . . $econd

- - L ]
E Oxford . - * Conventional RT
- 10 Hp. Montay-Gruel et al., d - v .
E L |{CCR 2021; 27:775-784 . . . -
: 10.3 L St. Bartholome P . .
g 4  Christie .
= | * Febetron . . ¢ .

10-1“ b L ] cwi& & - s - - = ™ -
| + Lausanne a ® e ® . & P - .
12 Stanford ] . - - .
1”' —] ESRF [ ] - » -
I I | Lt L L | | | * I |
1072 10° 102 104 108 108 10'° 102 10"

Courtesy of Jarmes David Good,

Marie-Catherine Vozenin, Jean-Francols Germond
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dose rate [Gy/s]

nC

single bunch charge
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Definition of relevant beam parameters

- [ SR UL IJ’_LJ'HJ

amittance

suokrg TpeElen_ g\ rastr
salenoed - c.
Standard: i | |
. . : ?\ [TTTTTTTI ] ] laser
thermionic electron source . RF High brightness UL “ 1
_ _ Ly photo injector: Phetocathode e — o
» Heating + grid defines R i
length of radiation pulse Lh + Photocathode laser | | |
defines time structure of electron beam
* RF frequency of
accelerating cavity defines micro structure inside « Length of RF pulse defines maximum length
radiation pulse of radiation pulse

+ Repetition rate of RF defines repetition of radiation pulse + total irradiation time during session

This results in very different

+ time structure of radiation pattern = experimentally study very different
+ possibilities to change the time structure flexible time scales in RT

» bunch charge = instantaneous dose and dose rate
» beam quality =» capability to focus beam for mico beam RT + scanning
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Definition of relevant beam parameters

Here: concentrate on timing parameters for one application period (treatment session / positioning of patient)

il Ao Uil L

. | time
Aty vain Atyynen  time

TTerm

[—

3 GHz linac, therm. emission 1.3 GHz linac, photo emission

Tieatment  11Me Needed for one treatment session < 200 ms for FLASH <1 ms possible
ty train Length of bunch train (in RT commonly called ‘pulse’) e.g.0.5-4pus O-1ms
#ounch Number of bunches in bunch train e.g. 1500 — 12000 1-4500
Aty rain Separation of 2 neighboring bunch trains e.g.0.003-01s 01-1s
Aty unch Separation of 2 neighboring bunches 0.3 ns 0.2-10 ps
thunch Length of individual electron bunch, FWHM e.g. ~30 ps 0.1 -60 ps
Abunch Charge per bunch = average current in train * t, ¢rain / #bunchn e.g. 0.1 =100 pC 0.1 - 5000 pC
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Status of realizing FLASHl«t@PITZ

B) Start-up beamline for FLASHlat@PITZ - first experiments are done

=7 MeVic <22 MeV/c lots of beam diagnostics + beam manipulation S ASHEE

/ sunch i @PITZ
unch compressor ;
Eng Booster e TDS ey ( ‘/ Hz undulator
: | i i T IIIIIIII 0
N * '
Symbois: | aﬂur:m;'-r‘"ﬂ"' — E::';;:‘“ m W Tunnel 1 || Tunnel 2
e source Y, Screen [ auadruple = Kicker o e
Farad ntagrated curren SaFe
E'I b:m?jim}w I lrﬂﬁf$ir 1 magr?et Ii' Beam stop

Start-up beamline for FLASH{a£@PITZ:

« Allows early experiments on FLASH RT R&D
- Beam characterization
- Dosimetry

« First experiments with chemical, biochemical and biclogical samples

« Dispersion limits minimum horizontal beam size, only vertical kicker installed
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Co

Status of realizing FLASH(«t@PITZ “"ﬂwmm,“

C) Design update of full beamline FLASH{at@PITZ + laser system upgrade

+ new photo cathode
laser system fo be
installed in 2023

i }m}m{[—m—W_M - - even tighter beam

<7 MeVic <22 MeVic lots of beam diagnostics + beam manipulation
Gun "4 Booster J TDS Bunch compressor

ﬂ-l—}l]—[

\ N o~ N ’ control
L . + . T
e source Symbcis “x;ﬂﬂ! o Deom e - Tunnel 1 Tunnel 2 h Ig h'EI' fl EXIbIIItY
Siriin I]Glm. — I
) i:m-ﬂa::'r i ".an:r'.rm;*:um - ::;::f ' Beam sop

Scattering 4 Collimator
il

- Tiny beam size reachable in huge charge range 2D sweeper Exit
rF 4 Winow
« Sweeper system allows 2D painting within 1Tms ‘ I I I I I I -’ - .\r?r?atﬁ:om

= arbitrary transverse distribution,

no loss from flattening Mlnlmum beam 5|ze\ Example beams (the beam field size is easy scalable):
» Scattering system allows generation of vs charge a) From 2D sweeper b) from scattering foil
symmetric beam of several cm width, \\ & 2 T S me ]| wpmpeampleoloom, , Boamatsample 2230 om)
~50 % loss due to flattening \ é’" Eost 1 » 15
: 1wk 10 (5 0.4
Electron beam from PITZ injector E“-“; _ st ; Vol
2.t B g 3
—dlll=, Ml
- I -4 2
- B quadrupole Em 1ok ]: =
—ois Dzus N A s I 02
: 1 ] 3 ]
10 10 10 P S 20 - . oo
DESY. | Frank Stephan | Progress on FLASHIab@PITZ | FRPT 30.11.2022 \ Charge (pC) / TS T “:lm} 10 20 T oo 20
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First radiation experiments at PITZ
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Start-up setu
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p for radiation beamline
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Current cooperation partners of FLASHl«@PITZ :
~zoR dicfz, ®Cu:

DRESDEN ROSSENDDRE Lasoratolre oo Physique Un;verﬂfﬂf H ‘; M[}ﬁfhE‘ﬂ

CHARITE -
UMIVERSITATSMEDIZIN BERL "\I
m / “ Universitit Hamburg

v DER FORSCHUNG | DER LEHRE | DER BILDUNG
sanne C\:\

BPB+\ s~

Pliytikibd - Tl 8 Bufdiidi-El

- n AL | F il ' )
s v Ay "
‘ | The University of Manchester

WILDAU ety

Tachnalogy
Facilities Council

ASTeC

- / / K X x I C The Institute of
- o B Cancer Research
@ Work strongly
_ TOPAS / NAPTA: supported by
LBNL, UCSF, LLU Yerevan DESY dwectarati
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Summary

« History

* Motivation

« Emittance

« Facility Overview

« Conditioning

« THz FEL at PITZ

« FLASHLab at PITZ
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Thank you



Contact

DESY. Deutsches Sumaira Zeeshan

Elektronen-Synchrotron PITZ group
Sumaira.zeeshan@desy.de

www.desy.de +49 33762/7-7494



