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FLASH.

Free-Electron Laser
in Hamburg

« Layout/parameter FLASH.

« User wishes.

« Requirements on machine settings.
» Tests performed.

» User operation with multi-beamlines.
* Further developments.

Possibilities at FLASH and Eur. XFEL are similar:
» At Eur. XFEL, switching was foreseen from the start.
« At FLASH, the design was modified to allow for switching.

Since FLASH is operating with two beamlines for several years, all parameters in this

presentation are taken from FLASH.
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e o A Free-Electron Laser
in Hamburg
Soft X-ray
Undulators
Seed laser
_ Photon
RF Stations Accelerating Structures Diagnostics
vV VY ) 4 v ) 4

RF Gun  Bunch Compressors
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FEL Experimer:ts
FLASH1 in user operation since 2005 (fixed gap undulator).

FLASH2 in user operation since 2016 (variable gap undulator).
FLASHForward R&D beamline for plasma-wakefield acceleration.

3 Injector lasers available of which normally 2 are used simulaneously.
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Free-Electron Laser
in Hamburg

FEL Radiation Parameters FL1 / FL2

Wavelength range

(fundamental) 2= el Al

Average single pulse energy 1 —-500 1-1100 pJ

Pulse duration (FWHM) <30 -200 fs fs
Peak power (from av.) 1-5GW GW
Pulses per second 10 — 5000

Spectral width (FWHM) 0.7-2% 05-2%
Photons per pulse 10— 10"

Average Brilliance 1017 - 102

Peak Brilliance 1028 — 1037
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Free-Electron Laser
in Hamburg

Variation in

« Wavelength (including fast wavelength scans or several largely
different wavelengths for one experiment).

* Pulse duration (bunch length) - different bunch charge .
» Pulse separation.
 Number of pulses.

« Use variable gap undulators.
 Use two injector lasers.
Do NOT reduce from 10 to 5 Hz with slow-switching.

BIG CHALLENGE: different charges = different compression/injector settings.
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Free-Electron Laser
in Hamburg

q, nC 05 025 0.1 0.02

ACCL |AV/V  0.004 0.0012 0.0003 0.00004
Ag|, deg 0.025 0.013 0.007 0.0014
ACC39 |AV)/V  0.01 0.0026 0.0008 0.00013
Ag|, deg 0.061 0.033 0.02  0.004
ACC  |JAV)/V 0.00330.0026 0.0024 0.0016

23 |Agdeg 0.15 0.5 017 0.17

RF Stations Accelerating Structures

vV VY A 4 v h 4

m@ph@évﬂ————] Optimized injector settings for each charge:
RF Gun  Bynch Compressors * Solenoid

Lasers

« Spot on the cathode
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10 = = o ] - Free-Electron Laser
in Hamburg

« Solenoid focusing cannot be adjusted: optimization by changing gun phase and
amplitude

o Automatically changes all (on-crest) phases downstream.

Restriction at FLASH:
» Laser spot on cathode cannot be changed (laser1 and laser2)

o Limit on charge range that can be achieved.

o Stability and beam quality an issue, especially at short wavelengths.
» Different injector lasers have different pulse duration.

REMARK: for seeding or THz, there are in general different compression settings.
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Bunch length (THz spectrometer) for different charges.

800
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————————————————  (Crucial were Gun phase and amplitude.

Charge (pC)
Charge ACC1¢ | ACC1 | ACC39¢ | ACC39 | ACC23¢ | ACC23 | ACC45¢% | ACC45
(pC) ampl. ampl. ampl. ampl.
-4.7 3.98 1.1 160.8  -23.97 19.7 22.47 322.6 6 2236

150 -3.66  3.977 1.18 160.9  -23.98 19.7 22.52 322.6 5 2239
320 06 3977 098 1609 -2451 198 22.56 3224 1 2228
660 2.2 3.957 1.18 160.2  -2436 19.1 23.39 323.4 -4 2246
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Bunch length (THz spectrometer) for different charges.

800

,, SASE (uJ)
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8 100 -
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T e e  a o Crucial were Gun phase and amplitude.
Charge (pC)

Charge ACC1¢ | ACC1 | ACC39¢ | ACC39 | ACC23¢ | ACC23 ACC45 ¢ | ACC45 | ACC67 ¢ | ACC67
(pC) ampl. ampl. ampl. ampl. ampl.

-5.2 3.873 1. 160.5 -22.29 9.6 13.51 329.1 1. 259.3 -0.07

150 0.1 3.886 1.27 160.4 -22.04 19.7 13.86 329 3.51 259.8 -0.37 344.9
300 -1.9 3.864 1.18 160.5 -22.47 19.6 14.26 329.6 2.5 259.8 -0.37 3449

630 -2.13 3.862 1.01 1611 -22.71 19.7 14.26 3294 24 259.8 -0.44  345.7
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FLASH1 FLASH1
bunch train bunch train RF signal
FLASH3 FLASH3 '9
FLASH2 bunches FLASH2 bunches (amplitude,

bunch train bunch train

/E phase)

lg\)jg RF Kicker
ms /
]—{ - Time
up to 800 100 ms (10 Hz) Pulsed
HS Magnet

Requirements LLRF:
« Small tunability of gradient or ACC45 and ACC67 for wavelength scans FLASH1.

» Small tunability in phases of Gun, ACC1, ACC39 for variation in compression FLASH1,2 and 3.
* Allow for SASE in FLASH1 and seeding in FLASH2 or THz in FLASH1 and SASE in FLASHZ2.
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T e
[deg.] [MV] time [us]

+/-8
+/-2
+/-9
+/-3
+/-5
+/-5

ACCA1

ACC39
ACC23
ACCA45
ACCo67

-0.1[MW]
+/-3 30
-3 60
-10 60
+/-15 100
+/-15 100

* More tests needed for systematic setup.

Courtesy: V. Ayvazyan
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FLASH

MAIN.GUN MAIN.ACC1 MAIN.ACC39 MAIN.ACC23 MAIN.ACC45 MAIN.ACC67
Flash 1 Flash 2 Flash 3 Flash 1 Flash 2 Flash 3 Flash 1 Flash 2 Flash 3 Flash 1 Flash 2 Flash 3 Flash 1 Flash 2 Flash 3 Flash 1 Flash 2 Flash 3
Reset F2 [v] Enable [ ] Enable Resst F2 [v| Enable || Enable Resat F2 [v] Enable ["| Enable Resst F2 v Enable "] Enable Resat F2 [v] Enable [ | Enable Resst F2 [ Enable [ Enable
Reset F3 Reset F3 Resst F3 Resst F3 Resst F3 Reset F3
Amplitude 52.95 M... 0.00 160.20 MV 160.00 19.60 MV 19.50 314.60 MV 312.20 223.86 MV 243.00 0.00 MV 0.00
53.00 M... 160.10 MV 19.90 MV 316.30 MV 230.29 MV 0.00 MV
Phase
-2.00 deg 0.44 5.03 deg 445 -12.00 deg -12.00 11.15deq 12.70 0.00 deg -0.00 0.00 deg 0.00
-4.40 deg 4.70 deg -11.94 deg 14.94 deg -0.00 deg 0.00 deg
Start 1100 us 0 1100 us 1220 us 1100 us 1220 1100 us 1220 1100 us 1220 1100 us 1220
700 us 700 us 700 us 700 us 700 us 700 us

Transmission [%]

o m— ) o o [ — o o [([IEEEEEEES——] o o T
Y ' 3 . o = = - L
‘ ‘ - 0.6921kW o
-, 0.0025 kW
]
98 » o O
o
Details for Toroid 3GUN
ool e Charge 0.461 +- 0.002 nC G Charge 0.346 +- 0.005 nC
unches unches
Transmission absolut: 100.00 relative: 100.00 % Transmission absolut: 100.00 relative: 100.00 %
FLASH 1 FLASH 2 FLASH 3 [3€] FLASH.DIAGITOROID GUN: Buf=31217755
Enable: Enable: Enable:
Close Shutter: D Close Shutter: D Close Shutter: D
PN
Number of Bunches: 200 F Number of Bunches: F Number of Bunches:
vV
7500 w000 as00 2000 500 1000 1050 1100 150 1200 1250 1300

[us]

Bunch Repetition Rate: WHF Bunch Repetition Rate: WHF Bunch Repetition Rate:
Charge per Bunch: mﬂm Charge per Bunch: mﬂm Charge per Bunch: .
 Enable/disable FLASH1, 2 and 3.

Laser: _u Laser: Laser: . . . . .
* Define start time, available time window and
First Bunch Position: First Bunch Position: —J] First Bunch Position: re p . rate Of eaCh |ase r-

» Define which laser is going to what beamline.

Bunch-train - Bunch-train -
[
Max Duration: -] Max Duration: Max Duration:

Special Bunches: A -disabled B - disabled C - disabled D - disabled

6000 700.0 800.0 800.0 1000 1100 1200 1300 1400 1500 1600
t




MAIN.GUN

Flash 1 Flash 2

Reset F2 v| Enable
Resst F3

Amplitude 52.95 M...
53.00 M...

Phase 700064

Enable:

Close Shutter:

Number of Bunches:

Bunch Repetition Rate:

Charge per Bunch:

Laser:

First Bunch Position:

Bunch-train
Max Duration:

Special Bunches:

0.0 1000 2000 300.0

Flash 3

Enable

0.00

0.44

A - disabled

400.0

MAIN.ACC1
Flash 1 Flash 2 Flash 3
Resst F2 v| Enable Enable
Resst F3
160.20 MV 160.00
160.10 MV
5.03 deg 445

Enable:

Close Shutter:

Number of Bunches:

Bunch Repetition Rate:

Charge per Bunch:

Laser:

First Bunch Position:

Bunch-train
Max Duration:

B - disabled

500.0 €000 TOD.O B00.0

MAIN.ACC39
Flash 1 Flash 2
Resst F2 v| Enable
Resst F3
19.60 MV
19.90 MV
12.00 deg

FLASH 2

[]

A A

W

MAIN.ACC23
Flash 3 Flash 1 Flash 2
Enable Resst F2 v| Enable
Resst F3
19.50 314.60 MV
316.30 MV
-12.00 11.15deq

1 [

Enable:

Close Shutter:

Number of Bunches:

W Bunch Repetition Rate:

Charge per Bunch:

Laser:

First Bunch Position:

Bunch-train
Max Duration:

C - disabled D - disabled

9000 1000 1100 1200 1300 1400

Flash 3

Enable

312.20

12.70

FLASH 3

1500

MAIN.ACC45 MAIN.ACC67
Flash 1 Flash 2 Flash 3 Flash 1 Flash 2
Resst F2 v| Enable Enable Resst F2 Enable
ResstF3 Reset F3
223.86 MV 243.00 0.00 MV
230.29 MV 0.00 MV
0.00 deg -0.00 0.00 deg
0.00 deg
1100 us 1220 1100 us
700 us
-
© T R R e
0.6921 kW
0.0025 kW
I
© T R e e T
0.346 +- 0.005
ion absolut: 100.00 relative: 100.00

Flash 3

Enable

0.00

1220

(=]

nC

T
1050

T
1100 1150 1200 1250

> and 3.
> time window and

J to what beamline.

1600
t




Flash 3

| | Enable

160.00

4.45

1220 us

FLASH

MAIN.ACC39
Flash 1 Flash 2 Flash 3
Resst F2 'v| Enable || Enable
Resst F3
19.60 MV 19.50
19.90 MV
-12.00 deqg -12.00
-11.94 deg
1100 us 1220
700 us

AIJIC o = JIJECI o
MAIN.GUN MAIN.ACC1
Flash 1 Flash 2 Flash 3 Flash 1 Flash 2
Resst F2 v/ Enable | |Enable Reset F2 \v| Enable
Resat F3 Resst F3
Amplitude 52.95 M... 0.00 160.20 MV
53.00 M... 160.10 MV
h
bipse -2.00 deg 0.44 5.03 deg
-4.40 deg 4.70 deg
Start 1100 us 0 1100 us
FLADH 1 700 us FLADH § 70'0 us
Enable: Enable: Enable: EZ’
Close Shutter: D Close Shutter: D Close Shutter: D 5

AAAA
Number of Bunches: 200 F
i v v

Bunch Repetition Rate: WHF
vax | -~ I}

Laser: ERNIED

Charge per Bunch:

First Bunch Position:

Bunch-train
Max Duration:

Special Bunches: A -disabled

A A

Number of Bunches: 1 F

v

Bunch Repetition Rate: WHF
vax | -~ I}

Charge per Bunch:

Laser:

First Bunch Position:

Bunch-train
Max Duration:

B - disabled C - disabled

6000 700.0 8000 800.0 1000 1100

A A

Number of Bunches: 0 F

vV

Bunch Repetition Rate: WHF

Charge per Bunch: mﬂm
Laser: [CCCENNER

D - disabled

1200 1300 1400 1500 1600
t

 Enable/disable FLASH1, 2 and 3.

* Define start time, available time window and
rep.rate of each laser.

» Define which laser is going to what beamline.
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o o o > Free-Electron Laser
in Hamburg
F LAS H1 Gruebel/Mueller, 20.8 nm+/- 0.10 nm, 1 bunch(es), 50-1@ L IR GUN ACC1 ACC39 ACC2/3 ACC4/5 ACC6/7
Free-Electron Laser FLASH
53.000 MV/m 159.99 MV 18.45 MV 308.02 MV 115.95 MV 0.00 MV
[nq; beam charge at toroid 3GUN Bunches Beam En
0. 53.000 MVim 158.00 MV 19.60 MV 310.20 mv 111.78 MV 0.00 MV
0.5~
Cc
0.4- Waveleng Phase
0.3-
0.2- ~
= SASE En -4.70 deg 4.92 deg 10.42 deg 14.51 deg 1.00 deg 0.00 deg
0 T -1.50 de 4.98 de -10.60 de 10.53 de 0.80 de 0.00 de
17 h 16. 2. 5h 12 h 18 h g 9 g 9 9 9
15.2.2017 2017 16.2.2017 16.2.2017  16.2.2017 | m~ o .
Disable 88 Vae 218001 SP 218000  GapVae 218000 SP  218.000 Vane  f0231  sP 10230
[%l.li} SASE single pulse energy Phasestter | [Actve Ae: 19100 Phasesnmier [ Actve Ag: 19100 Phasesnmer [ Actve be: 15100
6! ToperGroww: [3 [v| AKADAL 000 ToperGrowp: 3 \-J‘ ANK[H) 000 TaperGeoup: [3 vl aKKI% 000
FasAsEs  Dews | Pasasen Detais FISASENY Dol |
120 Enable 9:11 Uoouaor [l Acve NSRS undwsior @l Actve [RCRR  Uoaumtor [ Acove TSRO
100 iehle oA GapVale 10196 5P 10198 GepVale 10492  SP 10191  GapVake 10196 5P 10498

Phase stnor [ Actve  Aw: 15100 Praseshifer [ Actve Ag: 15100 Phasesntier [ Actve b 16100

ToperGroup: (3 |v| ANADM 000 TaperGrowp: [3 || AKK[(W) 000 TaperGroup: [3 |v| aNADM 000

40 FLISASET2 Ootails FLISASETY Dotats FL2SASEN Datails
20 Enable 12:14 Unduistor [ Acve MUSCHCECR  Unustor [ Acve MOSCECECE  undustor [ Acove MRCHCECE
. Disable 12-14 GapValue 10489 5P 10188 GapVale 10473 SP 10472  GepVake 10200 5P 10.499
0 Phasesitor [l Actve  Ag: 16100 Praseshiner [ Active A9: 16100  Phase Shifter -

18 h
16.2.2017

17h 20h 23h 2h 5h 8h 11h 14h o 7 s BT e [T
1522017 1522017  152.2017 1622017 1622017  162.2017 1622017  16.2.2017 Do e (o]l At o f oo b ATl e L] DR

F L AS Rudenko, 51.7 nm+/- 0.30 nm, 35 bunch(es), 100kHz, < 50 s, 20 pJ, FL26
Free-Electron Laser FLASH SASE Delivery
THZ Rad Iatlon [rbcg beam charge at toroid 3GUN Bunches 10 Hz || Beam Energy
15.02.2017 i
28 [ @~ pulse energy after tuning single bunch 0.4 560 '3 Mev
2L %@
22 LPan for Muellen‘Gruebéi etal/o“wo\ 03 Wavelength
o’ ¥ e 02 53.1 nm
3 2] 3 \‘l\\ 01 SASE Energy
= | ] ] 0
§ 181 9 o 17h 16.2. 5h 12h 18h 100 kHz 23.9 PJ
5 16 15.2.2017 2017 16.2.2017  16.2.2017 16.2.2017
E 14 _ f | [glg!; Photonflux Tunnel
2 12 .
2 10 400
¥ s8f
300
F o6
4 200
2
100
0f | | ! . . —
0 25 50 75 100 125 150 175 0
17h 20h 23h 2h 5h 8h 11h 14h 18 h
THz undulator wavelength [um] 1522017 1522017  152.2017 1622017 1622017 1622017  16.2.2017  16.2.2017 16.2.2017




ACF s FLASH.

Free-Electron Laser
in Hamburg

Ampl. GUN ACC1 ACC39 ACC2/3 ACC4/5 ACCG6/7

23.000 MV/m 159.99 MV 15.45 MV 308.02 MV 115.95 MV 0.00 MV
23.000 MV/m 158.00 MV 19.60 MV 310.20 MV 111.78 MV 0.00 MV

Phase
-4.70 deg 4.92 deg -10.42 deg 14.51 deg 1.00 deg 0.00 deg
-1.50 deg 4.98 deg -10.60 deg 10.53 deg 0.80 deg 0.00 deg
0 Phasesitor [l Actve  Ag: 16100 Praseshiner [ Active A9: 16100  Phase Shifter -
151272?:17 15?2?:17 15532%17 15222%17 15252%17 1szazhn17 151212?:17 15342?:17 16?2'517 teront D Lo/ i e o a1 Loy ek s T [ [ o e
F L AS H 2 Rudenko, 51.7 nm+/- 0.30 nm, 35 bunch(es), 100kHz, < 50 s, 20 pJ, FL26
Free-Electron Laser FLASH SASE Del lvery
T HZ Rad iation [nc) beam charge at toroid 3GUN - — 10 Hz | [ Beam Energy
15.02.2017 =
8 [ —@- pulse energy after tuning single bunch 0.4 560-3 Mev
[ %@
22 {Pan for Mueller/Gruebel etal/o‘wo\ 03 Wavelength
221 P ™ 0.2 53.1 nm
S 20! | Mo 0.1 SASE Energy
§ 18— ) \""‘L{b h 16.2. 5h 12h 18h 100 kHz 23.9 PJ
5 16 | ! . 15.2.2017 2017 16.2.2017  16.2.2017 16.2.2017
5 14 o f ] [.EJ!) Photonflux Tunnel
8 12}
2 10} [ gl
¥ s8f
F e 300
4 200
2
0l . . ] . . — 100
0 25 50 75 100 125 150 175 0
17h 20h 23h 2h 5h 8h 11h 14h 18 h
THz undulator wavelength [um] 1522017 1522017  152.2017 1622017 1622017 1622017  16.2.2017  16.2.2017 16.2.2017
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L/ o o < o o o Free-Electron Laser
in Hamburg
R| GUN R| ACC1 RIACC39[v]| RIACC23 ¥I| RIACC45v]| RIACC67
Flash 1 53 000 MV/m | 160.080 MV 19.490 MV 312.000 MV | 243.100 MV 0.000 MV
L ] L ] o~ i ] o~ Ll et
s | .0.000M 160.08H 19.298 304.00M 223.10M _0.00H
old 0.000 160.080 19.480 312.000 242100 0.000
RE | ilegal property 160.063 19.483 312.002 242075 0.000
Flash1| -0.30 deg 4.36 deg -12.00 deg | 12.86 deg 1.70 deg -0.00 deg
Py P o P P B Y LN P P e P A P
Phase| + 0.44Hl+ 0.00M - 0.00M + 0.508 + 6.00H + 0.00H
old 0.44 4 .36 -12.00 12.86 1.70 -0.00
RE | illegal property 0.05 20.04 0.54 5.97 0.00
ggg] Amplitude 160 Phase
340+ 14.0-
= ) Step in ACC23 gradient and
B = phase (top and bottom picture
i 5t are not corresponding, but
%00 200 ado edo sbo 1dbo | 1ab0 el b0 700 sdo sbo 1000 1100 170 L With i n seve ral m i N uteS) .
N Flash 1 B — Flash 2 T p— Flash 3
FB Enable Flatiop 650 o ROy an P " . .
amouce 332.000]  +30.00  amomee 303.000  +30-2 | Trgnsijtion time increased to
3za3mv Phase limit 304.02 Phase limit
voltage  312.00 [ phase 4 12.86[ +15.00 erase $.72.00[ +15.00 189 us
312.06 MV 12.94 deg 4.01 :
Phase 'E':ié . §§ m Transition Offset Transition set
1287 deg [T "30.00  C0-00 189.00  0.00
Beam start 700.04 us Beam start 90042 us Beam start 1099.8
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Past: 50% users were single-bunch users, 50% were multi-bunch users.
Now: most users want multi-bunch.

Needed is a switching that gives both users long pulse trains
- Switching RF from bunch to bunch.

—> Allow for both beam lines a rep.rate of 1 MHz.

Work in progress: Tests at <250 kHz at FLASH planned.

Bart Faatz | Future light sources 2018 | March 5-9, 2018
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Free-Electron Laser
in Hamburg

Thank you
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