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FLASH — prototype X-ray FEL user fac.

&8sy  |(since 2005)
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Pulse scheme @ FLASH

100 ms 100 ms

Y

/l //
[

Soft X-ray photons

""'_’/ \ ., .5-300fs
()

FEL
process

Tiedtke, K. et al.. New Journal of Physics 11 (2009) 023029

N
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Parameters of FLASH

Wavelength range (fundamental): absorption edges of some transition metals
4.3 -48 nm - -
. B / -
FEL harmonics (@4.3 nm): 10 FLASH ot
3rd:1.4nm = el g 8 .
5rd:0.86 nm 107 - L T
Spectral width (FWHM): W -~ 1
0.5-1 % 107 ./ FLASH (3rd) =

Pulse energy:
up to 100 pJ (average),
200 udJ (peak)

Pulse duration (FWHM):
57 -300 fs

Peak power (fundamental):
few GW

Average power (fundamental):
up to 0.1 W (up to 3000 pulses / se

[ / L FLASH (51) -
107 [ / -

Peak Brilliance [Photons/(s mrad2 mm’ 0.1% BW)]

Energy [eV]
Peak brilliance: —
up to 5x102° peak brllllance

—k DR

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeins



Layout of X-ray beam distr. @ FLASH

BL1 BL2 BL3 PG1 PG2
oprcaser Monochromatization - - - Yes Yes
;:.:‘ Optical elements 4 3 5(4) 8 6
b ""_O Focusing Toroidal  Ellipsoidal  Ellipsoidal KB?® Toroidal
(none)
Focus size approx. (um, FWHM) 100 20 20 5 50
A— Distance undulator end-focus (m) 76 73 72.2 75.2 72.5
\ ‘ Distance last flange-focus (m) 1.281 0.636 0.637 0.758 0.758
THebsamins ——\| ' Transmission at 13.5nm (%) 65° 64+4 5946 - 64¢

*Kirkpatrick—Baez.

o mcesian s s S ! I A bCalculated.
\ ¢ ~64% for the zeroth-order diffration of the 200 lines mm~".

(single-shot spectrum)

FEL mirror chambers ———
Gas monitor detector
{intensity and position monitar)

Gas-filled attenuator

N

Tiedtke, K. et al.. New Journal of Physics 11 (2009) 023029 i e y
.
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User requirements -> ONLINE monitoring

Single shot spectra

spectral intensity (a.u.)

23.0 23.5 24.0 24.5

wavelength (nm)

Mitzner, R et al.. Optics Express, 16 (2008) 19912

-> properties vary from pulse to pulse!

e () LT
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User requirements -> ONLINE monitoring

25

0

Tiedtke, K. et al..
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spectra

spectral intensity (a.u.)

23.0

23.5

wavelength (nm)

24.0

245

Mitzner, R et al., Optics Express, 16 (2008) 19912

puI

se energy

1

2

3

4

Bunches

5

&

7

8

New Journal of Physics 11 (2009) 023029

Shot number

300

250

200

150

100

50

Tavella, F; Stojanovic, N.; Geloni, G

Arrival time

Jitter (fs)

-500 0 500
1 =
I ¥
05 =
- x
=05 _r;’_
=~
= == 1
-
=2,000  -1,000 0 1,000 2,000
Time (fs)

; Gensch, M.; Nature Photon., 5 (2011), 162.

temporal structure / pulse duration)

300

250+

Number of shots
— - N
W o (4] (=]
o o o o

o

Fruehling, U; Wieland, M.; Gensch M. et. al.,

10 20 30 40 50 60 70 80
FWHM pulse duration [fs]

Nature Photon., 3 (2009), 529.
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* ,Routine” diagnostic

* Diagnostic challenges




Monitoring intensity and beam position

Working principle

FEL beamiinos

FEL mirror chambers ———

___ Gas monitor detector
{intensity and position monitar)

Gas-filled attenuator

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR

Single photoionisation:
N=Ng,xnxox!

N  Number of electrons or ions
N, Number of photons

n  Target density

o Photoionisation cross section
I Length of interaction volume

Experimental setup

lon signal
(intensity)

lon signal
(position)

10 hPa

Electron signal  Electron signal
(position) (intensity)

Tiedtke, K. et al.. New Journal of Physics 11 (2009) 023029
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Monitoring intensity and beam position

Working principle

Single photoionisation:
N = Nph xnNxoxl

N  Number of electrons or ions
N, Number of photons

n  Target density

o Photoionisation cross section
! Length of interaction volume

Experimental setup

lon signal
(intensity)

lon signal
(position)

105 hPa

Electron signal  Electron signal
(position) (intensity)

Tiedtke, K. et al.. New Journal of Physics 11 (2009) 023029
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Results:

pJ

10§ R o e I R

sl Y’v T TH“ W

00:24:26 00.36.26 00:48:26
Time [hh:mm:ss]

0 5 15 20 25 30
Bunches (BDA)

Tiedtke, K. et al.. Journal of Applied Physics, 103 (2008) 094511
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Monitoring intensity and beam position

Working principle

. o Results:
Single photoionisation: —

N:Nphxnx()'xi

N Number of electrg

Merits:

N, Number of photo

n Tagetdensty | © can operate ONLINE W L 8
:r Photoionisation ¢ o calibrated 0;3'6;26 ' 00;4‘3;26

Length of interact [hh:mm:ss]

* rep. rate commensurate with FEL

Experimental setup

Drawbacks:

o
0 5 10 15 20 25 30
Bunches (BDA)

Tiedtke, K. et al.. Journal of Applied Physics, 103 (2008) 094511

lon signal
(position)

105 hPa

Electron signal  Electron signal
(position) (intensity)

Tiedtke, K. et al.. New Journal of Physics 11 (2009) 023029
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Monitoring of Wavelength
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Working principle

spectrally ) ">\ focal plane
dispersed &
radiation

\

A

*order>.

~

/""/1’
Y ~
/h}

~

-------

th
incident FEL beam 0" order to

g AAAL experiment

plane VLS grating .

Experimental setup

“

incident
4 FEL beam

=—_—

plane mirror

Brenner, C. etal.. NIM A, 635 (2011) S99-S103
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Monitoring of Wavelength

Working principle Results:

spectrally ) ™. focal plane
dispersed &
radiation

10}
e L TR "'"'--...____-.“. 5 th i
incident FEL beam ” 0" order to = BT

expenment §
plane VLS grating g 06+

. S

Experimental setup Z
g 04l
E I
‘{cident 02t

b~ FEL beam
00 b o [P S B S PR |
0 200 400 600 800 1000
x-y translation stage Pixel Position
0%order
(to experimegfg.#
LS grating (LEGHEG
plane mirror
Brenner, C. et al.. NIM A, 635 (2011) S99-S103 VA‘ -
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Monitoring of Wavelength

Working principle Results:

\
~,

{ spectrally % o focal ol
i dispersed & '\ b
Merits:

« can operate ONLINE

Y

-4
e .
e
S

-
.
o TS

-/i: Drawbacks:

Experimental setup | » rep. rate limited by CCD: 10 Hz
 difficult calibration

incident FEL beam

Morora v, UZ
¢ L. FEL beam
BT
00 b o [P S B S B S S 1
0 200 400 600 800 1000
x-y translation stage — “db Pixel Position
(to experimel
Brenner, C. etal.. NIM A, 635 (2011) S99-S103 it
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,Routine“ Monitoring of Arrival time

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR

1. Streak camera

Working principle

Ea® <
.
T
- > t _
anc

_____________________ -o |l Ay(t,)
..................... : ____,__,-— o Ay(t.‘) = 0
..................... ! ! !' E ! E !

eg. Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010
X

perimental setup

Edefl(t) Tp 7
»
. b .t .
acc . -
: |:‘ y___,_.»—""/.f‘e? AY(Tz)

Synch. rad.
Laser

e.g. Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010

N
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,Routine“ Monitoring of Arrival time

1. Streak camera

Working principle Results:
Egen(t) T,
.. s Pulse from opfical laser

T t

anc — I Ay(tz) ,g Pulse from dipole radiation
I : _'_4,..—-"" e

...................... BRESSS o|[ Ay(z,) =0

..................... ! ! !' ! ! ! E

e.g. Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010

Experimental setup b
Een(t) Tp
A.
N Y/ 2
jitter - . > t £
«—— T | PITON 5
i PP € -
M | T — A ke
: P :
i :
SynCh rad. -3 T T T T T T T T T T
L 0 2 4 6 8 10
aser time in h
Radcliffe, P. et al.. NIM A, 583 (2007) 516-525
e.g. Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010 o

e o)
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,Routine“ Monitoring of Arrival time

1. Streak camera

Working principle Results:
E ger(t) p—

L J Pulse from opfical laser

Merits: R
can operate ONLINE #
..................... Ll Robust

—

e.g. Dresche_r, M et al.. J. Phys. B: A * Slngle ShOt i
Experimental setup| « rep. rate commensurate with FEL
Egen(t)
Drawbacks: £ L g
. 1 . i mtel T e W Ay
jitter E  only sub ps resolution SRt i
i T1 o1 ; _— e ‘ = o s S W N GO TR AR ] o
/\/\ i E =_J__.-*"' _ f'\Y(T1) =0 A 1 -‘\-; - X ..... ¢ Sl .' T % :' o
.E E E ! E ! ! ! -2 _’ . . 3 A . :. : .. :' '- ; . : i v: .
SynCh rad. -3 T T T T T T T T T : T
Laser 0 2 4 o insh 8 10
Radcliffe, P. et al.. NIM A, 583 (2007) 516-525
e.g. Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010 = - = —
e ) rladr
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,Routine“ Monitoring of Arrival time

2. Electro-optic arrival time derived from electron bunch arrival time

Michael Gensch ® m.gensch@hzdr.

Working principle

Laser ,early” Temporal overlap Laser late”

laser
N EO-crystal

polanzer

v electrons ymera )
Redlin, H. et al.. NIM A, 635 (2011) S88-S93
Experimental setup

" polarizer polanzer

XUV-pulse
1 l Experiment
[in accel | > < === [Undulator]—=> 3%
e -bunch ‘
k Dispersion A OPCPA
control
=
| Ti:Sa oscillator | stage

DRESDEN ‘

Azima, A et al.. Appl. Phys. Lett. (2009) 144102 g = w—
concept v‘ DR
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,Routine“ Monitoring of Arrival time

2. Electro-optic arrival time derived from electron bunch arrival time

Working principle Results:
Laser early” Temporal overlap Laser late” 70 I ' i
Iase\rr‘ EQ-crystal L (b) GAf= 194 fS
60
""-,_‘\\__pnlarlzer ﬂp@lanzer '.(2
S U O 50
I, 1 _ .
i w S > g %5 40
@ )
Redlin, H. et al.. NIM A, 635 (2011) $88-S93 E 4 30
. 2 20
=
Experimental setup 10
0
2 6 10 14 18 500 0 500
Shot At (fs)
XUV-pulse Cavalieri, AL. et al.. Phys. Rev. Lett. (2005) 114801
l Experiment

. |
568 ——> <= —— [Tnauistorl—— <

e--bunch
k Dispersion i A l
control r S
=

- Delay
[T:5a oscillator | stoge
Azima, A et al.. Appl. Phys. Lett. (2009) 144102 o o —
() )
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,Routine“ Monitoring of Arrival time

2. Electro-optic arrival time derived from electron bunch arrival time

Working principle Results:

Merits:
~} "+ can operate ONLINE
Y..p|+ Single shot
L1« improved resolution:120 fs (FWHM)

Redlin, H. et al.. NIM

OTOE

Experimental setuy Drawbacks: _
* indirect measurement 0
* resolution not commensurate with P
Jﬁhﬁ' X-ray pulse duration ys. Rev. Let, (2005) 114801
. i * rep. rate limited by laser
N g WIEE
Azima, A et al.. Appl. Phys. Lett. (2009) 144102 o
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,Routine“ Monitoring of Arrival time

Michael Gensch ® m.gensch@hzdr.de © www.hzdr.de e

HZDR

3. X-ray/NIR cross correlator

Working principle

above-band gap
Excitation pulse

below band gap

Probe pulse

¢ Material with
band gap

e.g. Doty, MF et al.. Rev. Sci. Instr., 75 (2004) 2921

Experimental setup

~251s GaAs

—_—
EUV

tvisible

Maltezopoulus, T et al.. New Journal of Physics.}@OS) 033026
|

e ) rladr
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,Routine“ Monitoring of Arrival time

3. X-ray/NIR cross correlator

Working principle

above-band gap
Excitation pulse

below band gap
Probe pulse

- band gap

e.g. Doty, MF et al.. Rev. Sci. Instr., 75 (2004) 2921

Experimental setup

tvisible

GaAs

-

Maltezopoulus, T et al.. New Journal of Physics. (2008) 033026

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR

' Material with

800 + 400 nm

800 nm

Results:

(a)IIIIIIIII

5

\‘__\\

SHG ¢
crystal

XUuv

300 nm ”

N

400 nm

TOF ion

Pump-probe

spectrometer b
[ il
P

L

Spatial filter

XUV/laser
cross-correlator

N—7

Delay stage for compensation
of the optical pathway

DRESDEN ‘

concept v‘

4
)

Transient Xe

251 (b)
2 Il
C 4
4 il N
© 154 /
ks
|
80| 408fs—
£
5
Z 5
[+] T Y T . T
-400 -200 0 200 400
XUV arrival time (fs)
— e
5§ @ ﬁ# 6533
] s
o 05 f/
D '
2 gé,
c00)z50__ :%P
e | — . ; . J
45 10 05 00 05 10 15

Time delay (ps)

Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010

) HeDR
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,Routine“ Monitoring of Arrival time

3. X-ray/NIR cross correlator

Working principle Results:

e-h (a) 251 (b)
above-band gap plasma

Excitation pulse e
\ 'f il (N

below band gap GBC’, Merits: m -

ents

Probe pul .
robe pise  can operate ONLINE
e.g. Doty, MF et al.. Rev. Sci. Instr. ¢ Single ShOt xuz:/o 0 = (f’).uso
- " arrival time (fs
Experimental setup | ° improved resolution: sub 100 fs (FWHM)
 direct measurement

Drawbacks: FrI—
* repetition rate limited by CCD: 10Hz i
& 2 | = resolution not commensurate with ””’ raaraa )
. / Time delay (ps)

X-ray pulse duration

TeTay Stage Tor Com '
400 nm of the optical pathway

ovfecd | Drescher, M et al.. J. Phys. B: At. Mol. Opt. Phys., 43 (2010) 194010
Maltezopoulus, T et al.. New Journal of Physics. (2008) 033026

N

DRESDEN 1 \ i 'R
W
ccccc pt W ‘
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,Routine“ Monitoring of Pulse duration??
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Autocorrelation

Working principle

interferometer
for

optical
pulse field
scanning

delay foeusing

optics
nonlinear

)ﬂﬂ%’
correlated signal :

dela i
or Y second harmonic,

fluorescence,
ion yield, etc.

measured optical
pulse field

e.g. Nabekawa, Y et al.. ADVANCES IN MULTI-PHOTON PROCESSES AD SPECTROSCOPY,
Vol 18., cop. Worldscientific Publishing Co. Ptc. Ltd.

Experimental setup

(@) _ (b)
beam splitter 10

carbon mirror

e ——— - ]

| fixed delay arm

reflectivity

0.4
\ﬁ\ variable delay arm
' ‘_""‘h:._ 024 100 150 200
\ E (eV)
x ¥

b lDeIay: (-3<0<20)ps

|
Mitzner, R et al.. Optics Express, 16 (297%) 19912
‘ | I
() )
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,Routine“ Monitoring of Pulse duration??

Autocorrelation
Working principle Results: two photon ionization of He @ 23.9 nm:
___________________________ 1o~
interferometer J
for replcatin 100 |- \
T Mhuerea o0 \e
m.rmlng focusing “r & e )
— opties nonlinear o -
medium i
r _zf, (. l
TIPS s
‘I U 5 Am/ ‘
hatt “ correlated signal : g 5o s'\ﬁf |
H mc;_J delay second harmonic, w / |
; il e M
I ' measured optical ! T
[ Sy S W | ek I pulsefie wl | »
e.g. Nabekawa, Y et al.. ADVANCES IN MULTI-PHOTON PROCESSES AD SPECTROSCOPY, “r \
Vol 18., cop. Worldscientific Publishing Co. Ptc. Ltd. 10 \
oL WML ke

Experimental setup

(a) _ (b)
beam splitter 10

carbon mirror ‘

e ——— - ]

r fixed delay arm |
0.4+
variable delay arm

50 100 150 200

E (eV)

yDelay: (-3 <0< 20) ps

reflectivity

Mitzner, R et al.. Optics Express, 16 (2008) 19912

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR

e.g. Nabekawa, Y et al.. ADVANCES IN MULTI-PHOTON PROCESSES AD SPECTROSCOPY

Vol 18., cop. Worldscientific Publishing Co. Ptc. Ltd.

105
100 '
95 '
90 »
85 —
80 [

75

ion signal [arb. units]

70
2100 -50 0 50 100 150
delay [f5]
Mitzner, R et al.. Phys. R'ng 80 (2009), 025402

) o
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,Routine“ Monitoring of Pulse duration??

Autocorrelation
Working principle Results: two photon ionization of He @ 23.9 nm:
g:i%:é;“' “r A
s o . LM';‘“""‘W 1::: 4
L5 Merits S o™
AN L . Y —il NE .
Nk few femtosecond resolution | ;- ./| "1
oo nabetawa, v et sovances | © lir€éct measurement F
Vol 18., cop. Worldscientific Publishing Co N ¢ \
Experimental setup - | )
Dra WbaCks: ANCES I_NHTI PHOTON PR!OCESSES AD SPECTROSCOPY
(a) ublishing Co. Ptc. Ltd.

beam spli

« can not operate ONLINE
« complicated to handle

« only for selected wavelength
* not single shot

FEL

| Delay: (-3 <0 <20) ps ;”

1 1 1 1 Il
-100 -50 0 50 100 150

delay [f5]
Mitzner, R et al.. Optics Express, 16 (2008) 19912 Mitzner, R et al.. Phys. R;V B 80 (2009), 025402

- I
DRESDEN g ‘ i 'R
EEE t
P v‘
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 ,Routine” diagnostic

* Diagnostic challenges

1. Pulse duration
2. Arrival time




Nice tool: THz undulator beamline

THz undulator

XUV undulator(s)

THz properties
Cascaded design:

* tunable, narrow bandwidth, fourierlimited pulse duration
* intrinsic Synchronization to X-ray pulse

 Parasitic operation

* Intensity ~ Ne?

» Coherent and CPE stable

N

‘ . I
DRESDEN
Gensch, M. et al., Infrared Phys. Technol. 51, (2008) 423-425.  cone PR ™~ ‘DR
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Nice tool: THz undulator beamline

synchrotron beam
( streak camera)

X-ray beam

THz beam
M1
'l
‘ [eeeene I
view up - stream in the tunnel

/.

DRESDEN N
Gensch, M. et al., Infrared Phys. Technol. 51, (2008) 423-425. concert Ny ) N FAS [

Mitglied der Helmholtz-Gemeinschaft



Nice tool: THz undulator beamline

N :

§4 M Delay chamber

Photondiag-
nostic station
(DP4)

view down - stream in the

experimental hall -
DRESDEN r ‘ - - i 'R
Gensch, M. et al., Infrared Phys. Technol. 51, (2008) 423-425. SRnesht \“v‘ _gu I <

Mitglied der Helmholtz-Gemeinschaft



Diagnostic challenges: Pulse duration

Terahertz field-driven X-ray streakcamera
Working principle

Electron

\ dolm:lnr'

s THz field

- Y 4 Foag
Goulielmakis, E et. al., 2 (.
ST S g

Experimental setup

Multilayer mirror

f=2000 mm

b
Fruehling, U; Wieland, M.; Gensch M. et. al., Nature Photon., 3 (2009), 529. Teoncent HLDR
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Diagnostic challenges: Pulse duration

Terahertz field-driven X-ray streakcamera

Working principle Results @ 13.5nm:
Electron
\ dmﬂor'
\L_.—-/ THZj'e'd o distribution of pulse durations
&@?u«mm 300
%x{“. 8 250
“epp 2
‘ S 200 T
. > g L :
Goulielmakis, E et. al., /// / 5 150
Science 305 (2004) 1267. / oot ") 3
Field-ind edha/ ‘é""‘ 5100_
leld-induc change z
of electron momentum, p{tf) %o 50
- ¥
Experimental setup . |
Multilayer mirror 0 10 20 30 40 50 60 70 80
{=2000 mm o G FWHM pulse duration [fs]
£ Nozzle Single shot reconstruction of temporal structure
X N 25
A
= 2
£15
Tﬂzg:::p.“ é 1 ;
05 l
-EO 10: : - 10 20

0
t[fs]
.

b
Fruehling, U; Wieland, M.; Gensch M. et. al., Nature Photon., 3 (2009), 529. Teoncent I-ILDR
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Diagnostic challenges: Pulse duration

Terahertz field-driven X-ray streakcamera

Working principle

Results @ 13.5nm:

P ﬁ.ﬁf.‘l'l‘ distribution of pulse durations
~7| Merits:
- 4+ Sub 10 fs resolution
p v 4 "+« direct determination
Goulielmakis, E et. al// //,/ « Single-shot
Science 305 (2004) 1267. M/{’ /’:: . robust

of electron momentum, p{

=

Experimental setup

Multilayer mirror

f=2000 mm

Tiltey ass

 repetition rate commensurate with FEL 5«

Drawbacks:

« limited to soft x-ray spectral range
* redirecting of X-ray beam required
« can not operate ONLINE

bn [fs]
temporal structure

W [ U
-20 -10 t[?s] 10 20
'A . I

b
Fruehling, U; Wieland, M.; Gensch M. et. al., Nature Photon., 3 (2009), 529. Teoncent HLDR

Michael Gensch ® m.gensch@hzdr.de ¢ www.hzdr.de ¢ HZDR
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Diagnostic challenges: Arrival time

THz — NIR crosscorrelation

Working principle

THz i
I\l’ Lens Polarizer m
AT

Synchrotron radiation
— and THz beamline

TEO optical fiber [ | P — = Probe laser 1
GaP AIZ(U
Lens Probe laser 2
- l CCD1
/4 plate BBO
Analyzar _ . (temporal EOS)
Mirror (flipper) T y
FEL beamlines : I, (1) o
THz oy
Modulation
THz diagnostic port .
van Tilborg, J. et. al.; Opt. Lett., 32 (2007), 313.
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Diagnostic challenges: Arrival time

Working principle
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Diagnostic challenges: Arrival time

THz — NIR crosscorrelation

Working principle
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Diagnostic challenges: arrival time + pulse duration?
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Diagnostic challenges: arrival time + pulse duration?
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Diagnostic challenges: arrival time + pulse duration?
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Diagnostic challenges: arrival time + pulse duration?
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Diagnostic challenges: arrival time + pulse duration?

Working principle Results:
To be published
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few fs resolution possible
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Indirect determination

-> need to verify our results at different FEL tunes
and by comparison to other methods
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Summary

Available routine diagnostic:
1. Pulse energy
2. Spectral content

Still work todo!:
3. (Arrival time) — not commensurate with FEL!
potential solution:
-> THz/NIR crosscorrelation*
-> optical replica/optical afterburner*
4. (Pulse duration) — not ready to use
potential solution:
-> Streaking (possibly makeing use of table
top THz)
-> optical replica/optical afterburner®

*require merely high transmission optical beamline
from enf of the accelerator o
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