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January 13th, 2002: 
First photo electrons at PITZ

Official start of PITZ on 30.1.2002 : Prof. Wagner and Prof. Wanka open the
photo cathode laser shutter during the colloquium „10 years DESY in Zeuthen“

Why now ?
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European XFEL  - a next generation light source

The XFEL will deliver:

> wavelength down to 0.1 nm
� atomic-scale resolution

> ultra-short pulses (≤ 100 fs)
� ultra-fast dynamics ,

“molecular movies” 

> ultra-high peak brilliance
� investigations of matter under

extreme conditions (        )

> transverse spatial coherence
� imaging of single nanoscale

objects, possibly down to
individual macromolecules
(no crystallisation needed !! )

+21Xe

810

Why brilliance is  ~10E+8 higher ?
Synchrotrons:  P ~ N · e²
FELs (coherence): 

P ~ (N · e)² = N² · e² ,
N ~ 10E+8

XFEL



Frank Stephan |   10 Years of Photo Electrons at PITZ  |  17./18.1.2012  |  Page 4

Coherent motion is all we need !!

SASE FEL: How does it work?
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One XFEL key component: 
���� the high brightness electron source

Why electron injector is so important …. ???

Any linac based   short wavelength,  high brilliance light source (e.g. SASE-FELs) 
contains the following main components:
- electron source
- accelerating sections

- in between: bunch compressor(s)
- undulator to produce FEL radiation
- electron beam dump
- photon beamline(s) for the users

Example: FLASH

property of linacs: beam quality will DEGRATE durin g acceleration in linac 

RF gun

Bunch 
Compressor

Bypass

Undulators
Collimator

Bunch 
Compressor

5 MeV 130 MeV 470 MeV 1000 MeV

Accelerating StructuresDiagnostics

FEL 
Experiments

���� e.g.  wakefields,  coupler kicks
���� e.g.  coherent  synchrotron 

radiation (CSR)

increase 
normalized 
emittance 

���� electron source has to produce lowest possible emit tance !!
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⇒⇒⇒⇒ normalized RMS transverse emittance:

(εn is conserved in general)
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'xσγβ ••
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xσ

long.: εz ~ (e- bunch length) • (energy spread of e- bunch)

trans.: εx,y ~ (e- beam size) • (e- beam angular divergence)

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

effect of acceleration on transverse emittance (adiabatic damping):

θθθθ2   2   2   2   <   <   <   <   θθθθ1111
⇒ angular divergence is reduced ⇒
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• Why emittance must be small  …

εεεεn = 1 mm mrad

length of the undulator

εεεεn = 2 mm mrad

εεεεn = 4 mm mrad
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• if even smaller emittance ⇒⇒⇒⇒ new horizons:
shorter wavelength,  higher repetition rate

• XFEL goal: 0.9 mm mrad@injector  =  1.4 mm mrad@undulator
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Why electron injector is so important  …
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Situation in 1999

ICFA workshop on high brightness beams at UCLA in a utumn 1999: 

Summary talk of P. O’Shea (U Maryland, USA) on electron source 
developments:

”Goal for community in next years:

Get transverse normalized emittance of 1 mm mrad
@   bunch charge of 1 nC !!!”
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RF gun:
L-band (1.3 GHz) 

NC (copper)  
standing wave 
1.6-cell cavity

Main solenoid,
Bz_peak~0.2T

Bucking 
solenoid

Photo cathode 
(Cs2Te)

QE~0.5-5%

Coaxial RF 
coupler

Cathode laser
262 / 257 nm
20ps (FWHM)

Electron bunch
1nC, ~6MeV

Mirror in 
vacuum

Example: 
PITZ gun

Most prominent solution:  Photo Cathode RF Gun

Main scan parameter 
during measurements

Main properties of PITZ gun:
1.3 GHz cavity,   coaxial RF coupler (flexible solen oid position)
Capable of high average power ���� long electron bunch trains (SC linac) 
Very low normalized transverse emittance

(Photo Injector Test facility
at DESY,  Zeuthen site)
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pulse trains:

micro pulses:

repetition rate

train
length

bunch
spacing

bunch
length

Some parameters of FLASH  and European XFEL

Parameters FLASH European XFEL

final beam energy 1.2 GeV 17.5 GeV

max. repetition rate 10 Hz 10 Hz

max. train length 800 µs 650 µs

bunch spacing 1 – 20 µs 0.2 – 1 µs

required injector emittance (1 nC) 2 mm mrad 0.9 mm mrad

SASE output wavelength 4.1 – 45 nm 0.05 – 6.4 nm

time

acc. field in 
SC cavity
(FLASH)

900 µs500 µs

~ RF power
beam
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Collaborations

> Founding partners of PITZ:

� DESY, HH&Z (leading institute)

� HZB (BESSY): magnets, vacuum

� MBI (group W. Sandner): cathode laser

� TU Darmstadt (TEMF, T. Weiland): 
simulations

> Other national partners:
� Hamburg university: 

- most PhD students; 
- HGF-Vernetzungsfond; 
- generation of short pulses
- plasma experiments

� FZD: 
- BMBF-PC-laser-project between MBI, 
DESY and FZD, unitl ~2009; 
- ~ regular exchange; 
- planned collaboration between HZB, 
FZD, MBI and DESY in SC-gun-cluster

> International partners in the PITZ 
Collaboration :

� CCLRC Daresbury (S. Smith, B.Militsyn): 
phase space tomography

� INR Troitsk (L. Kravchuk): CDS, TDS, Gun5

� INRNE Sofia (I. Tsakov): EMSY + personnel

� LAL Orsay (T. Garvey � A. Variola): HEDA1 + 
HEDA2

� Thailand Center of Excellence in Physics
(T. Vilaithong, Ch. Thongbai): personnel

> Other international partners:

� INFN Milano (C.Pagani): photo cathodes

� INFN Frascati + Uni Roma (L. Palumbo, M. 
Ferrario): TDS and E-meter  pre-studies

� YERPHI Yerevan (V. Nikoghosyan): personnel

� IAP Nizhny Novgorod + JINR Dubna in D-Ru-
Collaboration: 3D elliptical laser pulses
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Short history of PITZ

> Start 1999: request to BMBF: build gun test facilty independant from TTF

> September 1999: DESY directorate decision to build PITZ

> 2000: civil construction

> 2001: installation of infrastructure and first setup

> 13.1.2002: first photo electrons at PITZ

> November 2003: 1. characterized RF gun is sent to TTF2-FEL (FLASH)

> Upgrade of PITZ is continuously ongoing,  periods for beam 
measurements in between

> 2005: first operation with booster cavity (~13 MeV) at PITZ

> 2006: provide spare RF gun for FLASH 

> 2007: first demonstration: XFEL requirements reachable !

> 2009: best measurements better than XFEL specs !

March 2000

autumn 2000

Dec. 2001

Nov.   2003
Jan. 2002

2005 / 2006

F
L
A
S
H
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Original proposal to BMBF in 1999

Proposal lead by Jörg Rossbach, with major contributions from Klaus Flöttmann and F. Stephan

Spring 1999: foreseen to be realized in hall 2 in HH
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• tunnel and klystron hall
• control room, laser hutch, rack room
• power station and cooling system

Summer 2000 – Building the infrastructure
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First installation and injector commissioning

December 2001

total length: ~5 m
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January 2002: First photo electrons produced
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First Gun (prototype #2) is characterized and sent to the FLASH facility

November 2003
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Gun1

2004:   PITZ continues with another gun
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…  with the booster cavity and the SPARC emittance me ter 

Spring 2005:   Installation of PITZ1.5   …

total length: ~ 12 m
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• first measurements at increased beam energy (5 MeV ���� 13 MeV)
using the TESLA booster cavity

• first high power tests of Gun1
with 10 MW klystron

Summer 2005
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2006: PITZ prepares a spare gun for FLASH

Gun3.1
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February 2007: The new PITZ gun is installed

Gun3.2
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High Average Power Operation,   Surface Cleaning ↔ Dark Current

Operation at high duty cycle, reduction of dark current,  2008

Dry-ice sublimation-impulse cleaning
→→→→ dark current reduction

Vertical cleaning setup with 
110o rotating nozzle.

Dark current measurements
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How we measure the transverse projected emittance

EMSY1 (z = 5.74 m)Observation 
screen

2.64 m

Single slit scan technique
> Emittance Measurement SYstem (EMSY) consists 

of  horizontal / vertical actuators with 

� YAG / OTR screens

� 10 / 50 µm slits

> Beam size is measured @ slit position using screen

> Beam local divergence is estimated from beamlet
sizes @ observation screen (12 bit camera)

2D corrected normalized RMS emittance
222

2
xxxx

x

x
n ′−′⋅= βγσε

σσσσx - RMS beam size measured with YAG screen at 
slit location
SQRT(<x2>) - RMS beam size at slit location 
estimated from slit positions and beamlet intensities
���� “100% RMS emittance”

correction factor ( >1 ) introduced to correct for 
low intensity losses from beamlet measurements

Statistics over all 
pixels in all beamlets

pixel intensity



Frank Stephan |   10 Years of Photo Electrons at PITZ  |  17./18.1.2012  |  Page 26

Gun +6 deg. off-crest,   
Booster on-crest

see e.g.:
S. Rimjaem et al., proceedings of FEL2010

Normalized projected Emittance vs. laser spot size@cathode
for different bunch charges

Emittanz results from 2009

these results + 
experience from LCLS  
(only small degradation 
of slice emitt. from gun 
to undulator)

�XFEL can be 
operated with 14 GeV 
beam energy 
(possibility to save ~33M€)

���� Gun now in operation
at FLASH

slice emittance 
requirement for 
XFEL undulator



Frank Stephan |   10 Years of Photo Electrons at PITZ  |  17./18.1.2012  |  Page 27

0 50 100 150 200 250 300 350 400 450 500
-105

-100

-95

-90

-85

-80

measurement#

ph
as

e,
 d

eg

-104 -102 -100 -98 -96 -94 -92 -90 -88 -86
0

50

100

150

phase, deg

co
un

ts

mean=-94.3+/-0.234 deg

t, µµµµs

Improvement of the RF gun phase stability

Phase fluctuations: 
•10..15 deg (p-p)
•2..4 deg (rms)

measurement #

FPGA phase, reconstructed from 
virtual ADC probes based on 2x5MW 

directional couplers

FPGA phase (chanel[40])

Phase fluctuations: 
•1..1.5 deg (p-p)
•0.2..0.3 deg (rms)

FPGA phase, measured by 10MW in-vacuum 
directional coupler

2009 (no FB) 2011 (FB is ON! )

Zero phase slope within 
the electron pulse train

Phase of the 1st bunch

Manufacturer: Mega Industries, USA

installed in 2010
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NEW Emittance Results:  Improvement 2009 ���� 2011

Q 
nC

εεεε(2011)
mm mrad

δεδεδεδε(2011����2009)
%

1.0 0.70 -20%

0.25 0.33 -30%

0.1 0.21 -35%

Improvements:
• Gun phase stability

(10MW coupler+FB)
• Increased beam energy 

to ~25MeV (2009: <15MeV)

• Laser beam transport
• Removing magnetizable

components

Higher emittance improvement for lower bunch charges � due to the long pulse train 
operation (� “3000-creteria” = f[gain,NoP] )
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Emittance vs. Laser Spot size for various charges in  2011

Minimum emittance

LCLS data:
• P. Emma, "Beam Brightness Measurements in the LCLS Injector“, Mini-WS on compact XFELs using HBB, LBNL, Berkeley, USA, 2010.
• J. Frisch, "Operation and Upgrades of the LCLS", LINAC2010, Tsukuba, Japan.

Charge, 
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PITZ, 
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Emittance optimization in 2011

2nC

1nC (0deg)

1nC (6deg)

0.25 nC

0.1 nC

0.02nC

LCLS, 1nC, 95%

LCLS, 0.25nC, 95%

LCLS, 0.02nC, 95%

> PITZ is setting a new
benchmark for minimum

emittance at a given charge
+   

is capable of operation at
high duty cycle !!
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Core Emittance for various bunch charges
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2 nC (0 deg)

2 nC (+6deg)

1 nC (0 deg)

1 nC (+6 deg)

0.25 nC (0 deg)

0.1 nC (0 deg)

0.02 nC (0 deg)

LCLS, 1nC

LCLS, 0.25nC

LCLS, 0.02nC

� Idea: Cut low intensity region of MEASURED phase space ( i.e. remove
non-lasing part )

An example for 1 nC:
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High stability of the measurement
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For all measurements f250 lenses and 2x2 binning we re used
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Example, measurement 
on 5.5.2011:
1nC Emittance vs. Iman
(gun SP phase=6deg)
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2011 PITZ 1.8:   measurements  vs.  simulations
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Emittance optimization in 2011: mesurements and simu lations

2nC, measured

2nC, simulated

1nC, measured (0deg)

1nC, measured (6deg)

1nC, simulated

1nC, simulated
(Ek=4eV)
0.25nC, measured

0.25nC, simulated

0.1nC, measured

0.1nC, simulated

0.02nC, measured

0.02nC, simulated

ASTRA simulations: 
cathode laser pulse with 
21.5ps FWHM, 2ps 
rise/fall time

For each bunch charge the photo
injector has been optimized (both
experiment and simulations), but
keeping the laser temporal profile fixed.

• Optimum machine parameters 
(laser spot size, gun phase):   
experiment ≠ simulations

(~on-crest)

• Difference in the optimum laser 
spot size is bigger for higher 
charges   (good agreement for 
≤100pC)
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Reasons of discrepancy for high Q? ���� Emission from the cathode?

• Direct plug-in machine settings into ASTRA does not
produce 1nC at the gun operation phase (+6deg), whereas 
1nC and even higher charge (~1.2nC) are experimentally 
detected
• Simulated (ASTRA) phase scans w/o Schottky effects 
(solid thick lines) have different shapes than the 
experimentally measured (thin lines with markers)

Measured and simulated Schottky scans (1nC) Measured  and simulated laser energy scan (1nC)

• Laser intensity (LT) scan for the MMMG 
phase (red curve with markers) shows higher 
saturation level, whereas the simulated 
charge even goes slightly down while the 
laser intensity (Qbunch) increases

1nC emittance 
measurements 
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Photo emission (bunch charge) needs 
more detailed modeling in simulations.
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> development started 1998/99

> many intermediate steps have been realized and tested at PITZ

> spin-off of development is used at FLASH (and elsewhere)

> over the years direkt support for the photo cathode laser development
has been acquired form the BMBF,  major parts of the development
costs were also covered by DESY and MBI

> Photo cathode laser systems developed by the MBI are running at

� Hamburg: FLASH, in future of course also at European XFEL  

� Zeuthen: PITZ

� Dresden/Rossendorf: ELBE

� Berlin (HZB): SC gun test stand 

One important contribution to the success of PITZ …

… is the photo cathode laser system developed by the
Max Born Institute in Berlin ( MBI)
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Yb:YAG laser with integrated optical sampling system

Two-stage Yb:YAG 
double-pass amplifier

G ~ 40

Emicro = 
0.002 µµµµJ

Emicro ~
80 µµµµJ

Emicro = 
0.002 µµµµJ

Emicro ~
2 µµµµJ

LBO BBO

UV output 
pulses
Emicro ~
10 µµµµJ

Optical Sampling System 
(OSS)

scanning 
amplifier
(Yb:KGW)Yb:YAG power regen

G ~ 106

Pulse
selector

pulse 
shaper

Highly-stable 
Yb:YAG 

oscillator

pulse 
selector Nonlinear 

fiber 
amplifier

Resolution: ττττ < 0.5…1 ps

ττττ ~ 1.7 ps

Latest photo cathode laser system installed at PITZ
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Multicrystal birefringent pulse shaper containing 13 crystals

FWHM 
= 25 ps

edge10-90
~ 2.2 ps

edge10-90
~ 2 ps

birefringent shaper, 13 crystals

OSS signal (UV)

temperature 
controlled 

birefringent 
crystal 

motorized 
rotation
stage

Gaussian
input

pulses 

Shaped 
ouput
pulses 

Will, Klemz, Optics Express 
16 (2008) , 4922-14935

Photo cathode laser: temporal pulse shaping

FWHM 
~ 11 ps

FWHM 
~7 ps

FWHM 
~ 17 ps

FWHM 
~ 2 ps

FWHM 
~ 11 ps

FWHM 
~7 ps

FWHM 
~ 17 ps

FWHM 
~ 2 ps

Gaussian:

FWHM 
~ 20 ps

Simulated pulse-stacker 
FWHM 
~ 24 ps

FWHM 
~ 24 ps

���� high flexibility
���� new options !
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Current setup (with latest installations) :   PITZ 2 (~22 m total length)

Transverse Deflecting 
Structure  (TDS)
� time resolved
measurements

beam 
dump

DISP3.Scr1

DISP3.Scr2

electron
beam

HEDA2
� together with TDS: measure slice
momentum spread down to 1 keV/c

<7 MeV<25 MeV
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PITZ evolution 2000-2011

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

cavity

Ez 35MV/m 37MV/m 43MV/m

beam energy 4.5MeV

cavity

beam energy

laser temporal

EMSY1 at

Ldrift

methodics center BL e-meter

min εxy (1nC)

   mm mrad
3 1.5-1.7 1.37 1.26 0.9 0.7

Year-->

gun

booster

emittance

~4MeV

no

z=1.618m

1.01m

3xBLs

42MV/m-->60MV/m

4.3MeV-->6MeV

60MV/m

detailed scan

2.64m

z=5.74m

TESLA at 3.1m CDS at 3m

~6MeV

~25MeV~13MeV

z=4.3m

TESLA at 2.5m

2.334m

11xBLs

gun-2 gun-1 gun-4.1

6/24\6ps

F
LA

S
H

gun-3.1 gun-3.2 gun-4.2

6/24\6ps 2/22\2ps

F
LA

S
H

F
LA

S
H

10ps

XFEL photo injector specs

(1 nC)
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> Good decision to build PITZ in Zeuthen:

� Close integration into DESYs core program , inclusion of Zeuthen manpower , 
spin-offs: e.g. competence on vacuum design and successful work of modulator test
facility

� Important contribution to European XFEL, international visibility

� Right size to be done in Zeuthen

> In 2011 with Gun4.1, CDS booster and significantly improved RF 
regulation a new benchmark in optimizing photo injector performance
was set worldwide (e.g. emittance values at different bunch charges:  
1.25mmmrad@2nC, 0.7mmmrad@1nC, 0.12mmmrad@0.02nC).

> Problem: Simulations do not reproduce the data (w.r.t. optimum laser
spot size, gun phase, emitted charge). More studies (exp./sim.) needed.

> Available photo cathode laser gives high flexibility

> Sophisticated diagnostics setup almost complete

Summary

� new options !
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Bread & Butter (ongoing, partially done) :

> Gun characterization

� for XFEL: re-check different bunch charges (0.02 to 3 nC),   effect of different rise/fall 
times of the laser ,   longitudinal phase space studies,   slice emittance cross check, 
long term reliability

� later:  higher repetition rate

> XFEL testbed , e.g. laser system (4.5MHz + therm. lense), beam diagnostics

> Laser beam imaging onto photo cathode at FLASH & XFEL (� low ε, Q & halo)

> Gun5 (RF amplitude & phase stability, higher average power)

New tasks/options (sucking honey from low emittance and flexibility @PITZ) :

> Optimizing new operation modes: ultra short bunches (single spike lasing) 
� together with HH: S2E simulations, exp. tests, diagnostics
� 3D elliptical laser pulses on cathode: lower ε, halo, bunch length

> E.g. participation in particle driven plasma wakefield acceleration

Outook, Scientific plans for the future

PITZ delievered decisive contributions to FLASH and XFEL and
can also be a goldmine in future:
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σt 9.1 fs 9.6…8 fs 10.3 fs

Ipeak ~60A 65...90A ~200A

σx 8.5 µm 5.4…13.4 µm 7.7 µm

σy 8.8 µm 9.9…4.7 µm 10.4 µm

Generation of ultra short pulses, for LPA with external injection
or other applications (e.g. THz) 

4psσt =9.4psFWHM =

PITZ
Gun

CDS
Booster

chicane

3m0m 7.2–8.5m

q q q q

Setup: Longitudinal phase space

1pCQ =

Vary parameters and try different laser shapes

~10fs

<10µm²

1.2psσ t =
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Particle driven plasma wakefield acceleration (PDPWA)

Courtesy of Carl Schröder, LBNL

Does this
work ?
����Dephasing ?
����Hose instability ?

e-
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• Resonantly driven plasma wave
���� high tranformation ratio ����

5 Bunchlets inside the bunch:

Studies for Particle Driven Plasma Acceleration @PIT Z

• Self-modulation without seed
but with flat-top modulation:

• Self-modulation 
with seed pulse:

to be sent
to bunch
compres-
sor

mradmmxy 448.0=ε

mradmmxy 471.0=ε

,45.48 mxy µσ =

,25.83 mxy µσ =

mmz 311.0=σ

mmLb 05.4=,50pCQ =

,10pCQ =

Flat-top:

Gauss:

}

123
1 1069.3][ ⋅=−cmnb

133
2 1005.1][ ⋅=−cmnb

}
1bn2bn

Photo cathode laser 
distributions

Output parameters for 2 sub-bunches @6.28m from cathode:

probe 
bunch

V

V
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The End

who was/is participating in the success of PITZ: 

> to the national and international partners
[CCLRC Daresbury, FZDR, Hamburg-University, HZB(BESSY), IAP 
Nizhny Novgorod, INFN Frascati & Uni Roma, INFN Milano, INRNE 
Sofia, INR Troitsk, JINR Dubna, LAL Orsay, MBI, ThEP Chiang Mai, TU 
Darmstadt, YERPHI Yerevan]

> to the many colleagues from different groups at DESY, Hamburg site

> to the many colleagues at DESY,
Zeuthen site, 
only some of them shown here �

Thank you very much to everybody …..


