


FLASH — The Free-electron Laser in Hamburg

laser compressor compressor
5MeV 130 MeV 470 MeV 1000 MeV

s
e
[

i i;'l'i’
v g
f v’

F '.M"'“"‘:‘
ok

SLAC, November 10, 2008 Florian Lohl, DESY



FLASH parameters @
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FLASH performance example

800 bunches

685 MeV (13.4 nm)

<electron beam power> : 2.7 kW
<photon power>: 56 m\W

' bunch radiatioi ' : : : .
s'"9|e““ radlalonenergy Systematic variation of
SASE intensity over

st e T B T— J macro pulse!

20 A | 2 l:-i'. ...........
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Timing changes in an FEL @

photo cathode laser seed laser pump-probe laser

/O \

acc. modules

booster

magnetic

: target
chicane

RF gun

Goal:
Synchronization of pump-probe laser pulses with FEL pulses
to the femtosecond level

Main sources for arrival-time changes of the FEL radiation
» arrival-time of the photo cathode laser pulses

 phase of the RF gun

» amplitude and phase of booster module

» arrival-time of potential seed lasers
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Timing changes in an FEL @

photo cathode laser seed laser pump-probe laser
‘7 booster —/_\_ acc. modules \
RF gun magnetic target
chicane

RF amplitude changes . . .

FLASH: R = 180 (50) mm RF phase reduction of incoming
timing jitter XFEL: Ry = 100 (20) mm  changes timing Jlttgr due to
behind chicane LCLS: R, =36 (22) mm / compression

\ | 1

NP (e )+ (55 (o) + (6)7%

Co 27 fRF
RF requirements for 10 fs arrival time stability at FLASH:
phase stability <0.005° @ 1.3 GHz (=10fs)
amplitude stability <1.6*10°
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Schematic layout of the optical synchronization system

Master Laser
Oscillator
(erbium-doped
fiber laser)

optical length
stabilized

fiber Iinl/(sA,

splitters

A

phase lock

loop

low-noise
microwave
oscillator

to low
level RF

N\ laser to RF

conversion

direct use of laser pulses

 bunch arrival-time monitors

* synchronization of external
lasers (cross-correlation)

* beam position monitors

« optical down-converters

* electro-optical methods
(e.g. photon beam arrival time)

* seeding of amplifiers

Distribution scheme originally proposed in J. Kim et al., FEL04 conference
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Timing reference laser of the facility @

Er-fiber

Original design:
J. Chen et. al., Opt. Lett. 32,
1566-1568 (2007)

pump light QW
1 piezo
mirror
Modifications:
* sigma configuration to lock laser to machine reference
* 216 MHz repetition rate
» different dispersion
—> shorter pulses
—> higher output power
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Timing reference laser of the facility @
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Timing reference laser of the facility @

laser pulse width: 75 fs (FWHM)

relative intensity
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Timing reference laser of the facility

relative intensity noise: 0.016 % [10 Hz — 1MHZ]
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Timing reference laser of the facility @

Prototype of a 216 MHz laser and a small
distribution unit. An improved design is on its way.
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Fiber link stabilization

Schematic setup

Piezo- Optical
0 stretcher delay stage
A Y 0
® - : =
HWP 1., HWP ey QWP
216 MHz f $ g I g I [I Piezo
Er-doped I I «i®) I driver
fiber laser Mireor

Balanced | Loop
—*| cross-correlator filter

end station

‘|] Q EDFA @ )

Faraday Rotating Mirror

J. Kim et al., Opt. Lett. 32, 1044-1046 (2007)
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Fiber link stabilization

Schematic setup to determine fiber link stability

Piezo- Optical
0 stretcher delay stage
s U {
HWP 1. HWP ..o QWP
216 MHz |HW [ et ﬂ Piezo
Er-doped I I «i®) I driver
fiber laser Mirror
®
v Balanced | Loop
—*| cross-correlator filter

ﬂ O—I:I QEDFA @ Y,
QWP  50:50

Faraday Rotating Mirror

I
I
HWP

Out-of-loop Out-of-loop
—| Balanced [E * timing jitter
cross-correlator measurement

J. Kim et al., Opt. Lett. 32, 1044-1046 (2007)
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Long term stability of a 400 m long fiber link

installed in an accelerator environment
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Slow timing drift:
— polarization artefact

timing change [fs]
: o

03:00 06:00 09:00 12:0

t
rms timing jitter over 2 rrlln?(relutes: 44+£11)fs
rms timing jitter over 12 h: (7.5 £ 1.8) fs
measurement bandwidth: 200 kHz
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Fiber link stabilization

Long term timing correction
First two fiber links installed at FLASH

link 1
o0l link 2
w
2
S
5 157
o
o
Q
g1
£
>
L=
Mon Tue Wed Thu Fri Sat Sun Mon Tue
> 8 days >
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Fiber link stabilization
Long term timing correction

link timing correction (ps)

12/04 19/04 26/04 03/05 10/05 17/05 24/05 31/05 07/06 14/06

time

< 2 month >
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Oscillations of the fiber lengths with a
period of about 3 minutes!
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Lessons from fiber link timing changes

SASE intensity ( pJ)

time (min)
Oscillations of the fiber lengths with a
period of about 3 minutes!

The Oscillation is also visible on the SASE signal
—> frequency change of microwave reference?!
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Prototypes of reference laser and fiber link stabilization EE:Si
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Fiber link stabilization

Engineered mechanical designs

Installation December 2008.
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Cost-effective high resolution

RF based timing detection
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Cost-effective high resolution @

RF based timing detection

New detection scheme to measure the overlap between two optical pulse trains
 RF based scheme using a single photo detector
» overcomes the phase drift problematic of conventional mixing
schemes
* insensitive to changes of the optical input power

.I | long-term stability of the detector |

timing change (fs)
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Bunch arrival time monitor (BAM)

Detection principle

laser pulses n n n n n

from fiber link

beam
pick-up

The timing information of the
electron bunch is transferred into
a laser amplitude modulation.
This modulation is measured
with a photo detector and
sampled by a fast ADC.

>

beam pick-up signal

sampling times of ADCs

aa— /\1/\ /\1/\ 1

4.7 ns ADC1
(216 MHz) ADC2

electron bunch arrival time:
- early
- correct

voltage modulating
the laser pulse amplitude

laser pulse n

(perfectly synchronized)
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Florian Lohl, DESY



Bunch arrival time monitor (BAM)

Schematic setup

installed next to the beam line

laser laboratory length stabilized optical BAM front-end
fiber linky
E/Iaster fiber link | | — Ny —L | link end @
aser distribution [ to other links
Oscillator
o measurernent optical optical
\\ EOM?2 H : delay line
108 MHz []pulse O‘K'l_ n delay inefy f\yith position
16 Bit | shaping @ pick-up signal encoder
cIo;:k Nf:up signal +=(limiter)—
ADC clock EOM1
. fine
generation _@ W |[measurement
R [
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Bunch arrival time monitor (BAM) Eg{i
First prototype £
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Bunch arrival time monitor (BAM)
Beam pick-up

Design: K. Hacker

=1
(=]
T

Scope trace measured
with 8 GHz bandwidth

beam pick-up
signal [V]
L=]

o
(=]
T

-400 -300 -200 -100 ©0 100 200 300 400
time [ps]
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Bunch arrival time monitor (BAM)

Mapping of beam pick-up signal onto laser amplitude

T 1T 11 T 1T 1 T 1T 1 I 1T 1 | 1T 171 | T 1T 1 | T 1T 1 | 1T 1T 1T_]
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Bunch arrival time monitor (BAM)

Shot-to-shot fluctuations and intra bunch train pattern
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Bunch arrival time monitor (BAM)

Resolution

An upper limit for the BAM resolution can be estimated by correlating
the arrival time of two adjacent bunches in the bunch train:

1 = T T .
uncorrelated jitter: 24 fs (rms)

single shot resolution: 17 fs (rms)
’F.
0.5 o

"

e

e
dn
- s-

arrival time (bunch #29) (ps)

0.5 0 0.5 1
arrival time (bunch #28) (ps)

The resolution estimated from the laser amplitude noise and the slope
steepness is about 4-5 fs.
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Bunch arrival time monitor (BAM) @

Resolution measurement

g;‘g:de Master Laser Oscillator
stabilized fiber link
laser MLO |
- Acct l/._.\l - Acc2 H Accs | l‘\‘.lL ACC4 H ACC5 |—----
RF gun ¥ 1 stabilized BAM1
| fiber link bypass pump
---{ Acce SASE

L

BAM2
undulators

undulators

experiment
dump

Two BAMs in a straight section are used to measure the
arrival time of the same bunches

The BAMs are separated by 60 m.
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Arrival time correlation between two BAMSs @

O
o

arrival time (ps)
o

time (min)
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Arrival time correlation between two BAMSs @

~—~ 30 | |
= ‘o uncorrelated jitter
‘. L] [ Q G.S' s
g 20f N, . . o~ over 4300 shots:
- ".'. o . 8, o, . . :o
Q 10 » i' oo . . [ ] E 8-4 fS (rmS)
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R S S S 0.5 0 0.5
time (min) arrival time BAM1 (ps)

Arrival time difference contains:
* high frequency laser noise (~3 MHz — 108 MHz)
« stability of two fiber links
* two BAMs
Single bunch resolution of entire measurement chain: < 6 fs (rms)
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Arrival time correlation between two BAMs

stability over 1.5 hours:
13.1 fs uncorrelated jitter
- 9.3 fs resolution of a single BAM

arrival time (ps)
o

o
o1

(%))
o
»

timing difference (fs)

time (min)

stability over 4.5 hours:
19.4 fs uncorrelated jitter
- 13.7 fs resolution of a single BAM

8
« BAM1 .%
. A e

1
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o »

arrival time (ps)
o
o

1
—
T

(9]
o
omma 0 '_‘-

timing difference (fs)
o

0 50 100 150 200 250
time (min)
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Arrival time feedback

photo
cathode

Mﬂ acc2 H Accs | I’.\.,I.{ ACC4 H ACC5 —----

feedback on ACC1 amplitude BAM1
bypass

RF gun

pump
probe

SASE
N

undulators

undulators experiment

dump
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Intra bunch-train arrival time feedback

1200 shots:

A jitter w.o. FB:
~1.5 ps pk-pk
~240 fs rms

o
un

@
=
£ 0
w© . .
2 jitter with FB:
5 .05 ~300 fs pk-pk ]
) ~40 fs rms
2
©
0

-1 i

_15 L | | L L
0 20 40 60 80 100 120

time [us]
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Intra bunch-train arrival time feedback

250

/ Latency about 6 ps (only ~1.5 ps from cables...)

200

150 -

100

arrival time jitter [fs]

50

rms over 1200 shots

40

60
time [us]

80 100

120
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Intra bunch-train arrival time feedback

Generation of well defined arrival time slopes over the bunch train:
(this allows complete pump-probe experiments within a single bunch train)

relative arrival time (ps)
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Bunch compression control

hoto
galhode There are bunch compression monitors installed at various locations.
(pyro electric elements which detect coherent diffraction radiation)
ACC1 | Accz H accs | = ACC4 H ACC5 |—----
RF gun
phase feedback
bypass pump
probe
-~ ACC6 SASE

L

undulators

undulators experiment

dump

pyro signal

| L 1 1 1 | | 1 | 1
15 20 25 30 35 40 50 55 &0 85

ACC1 phase
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Bunch compression feedback

compression feedback off

BCM signal (a.u.)

h
T
1

f
|
|
|
5

pyro signal jitter (a.u.)
o
T
|

Loz}

|
20 40 G . B0 100 120 140 160
time (yus)
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Bunch compression feedback

compression feedback on
-0.01 | T T T

BCM signal (a.u.)

| |
20 a0 G 30 100 20 140 1B

7K10 T T T T T T T
— B mi
- | corresponds to
] an ACC1 phase
£ 4 i .
T , | stability of
g 0.025 deg
=3 | @1.3GHz
By 1 <
: 2’|O 4|0 BIO 8|0 1 EI)O 1._éO 1ﬂ|r0 160
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Effect of feedbacks on the SASE

distribution over the pulse train

compression feedback off, arrival time feedback off
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Effect of feedbacks on the SASE

distribution over the pulse train

compression feedback on, arrival time feedback off

@
o
1

:Ib
Lo
T

WU e |

0.0 I | | | | I I
20134 20:35 20:36 20037 20:38 20:39 20:40 20:41

time

avg. SASE intensity (uJ)
mo
o}
T

L]
I

SASE intensity (uJ)
ey |

20 40 50 1y 100 120 140 160
time (ys)

SLAC, November 10, 2008 Florian Lohl, DESY



Effect of feedbacks on the SASE

distribution over the pulse train

compression feedback on, arrival time feedback on
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Effect of the two feedbacks on the SASE stability

150 .

B pyro
B pyro

-B off, BAM
B on, BAM

-B on, BAM

-B off
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100

SASE fluctuations (%)
S
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Outlook: complete longitudinal feedback @

Photo Cathode Laser | «— charge feedback

A

Bunch
BPM Compression

Monitor
arrival-time monitor /
T Magnetic

M |
ACC1 2 3
RF Gun \ Chicane /

arrival-time monitors
expected energy resolution (FLASH): 1.5e-5

~

1
¥~ cross-correlator /

Detection of main arrival-time jitter sources

« Arrival time of photo cathode laser pulses (CC / 1st arrival time monitor)

» Phase of RF gun (difference between 1st and 2n9 arrival time monitor)

« Amplitude of ACC1 (BAM3 — BAM 2 / BPM in magnetic chicane)

* Phase of ACC1 (Bunch Compression Monitor)

« Arrival time of pump-probe lasers (cross-correlation with timing system)
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Outlook: The optical synchronization system at FLASH

t?]tgde I M_IaSterLaserosm”ator ____________________ e S"ab'“zedFlbeerks _______
laser ) I IMI_() '15EEEE;‘::::::::::::::::::: __________ _: I

L2RFIF"J"' RF T T 12 i
i‘%‘ﬁ ACC1 @ =@ ACC2 - ACC3
RF gun @11 " |

EBPM
___________________________________________________________________________________ m
laser
“SAHS EH photon : 5
undulators beam experiment

dump
@ Bunch Arrival Time Monitor (BAM)

@ Energy Beam Position Monitor (EBPM)
® Electro Optic Longitudinal Beam Profile Monitor

(O Optical Cross-Correlator to Lock Lasers

[] Laser to Microwave Signal Conversion
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