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The Free-Electron Laser

iIn Hamburg (FLASH)

Electron beam _

BC2 BC3 500 MeV
WA ACCo
Z{ACCI—2 & {ACC2HACC3 CC4 ACC5LACCH — sres
HACCH—" N ACHACTE A TN SPACCAHACCEACES
\ ~130 MeV ~400 MeV
Dump X o o e e e
‘ p = v
s \ 6 -47nm
al Undulator-magnets . At~10fs
= : ‘. 5-200 W

81T R
»

Electron bunches: « 500 MeV - 1GeV beam energy Dump
« ~0.5-1.0nC charge
« ~1-3 kA peak current
 ~1-4 ym normalized emittance
« Relative energy spread ~10~3
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Beam dynamics

upstream BC2:
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Calculations by M. Dohlus
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The TDS allows to investigate the peak current region
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Integration into the FLASH-linac

Beam direction
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Integration into the FLASH-linac

=|

Y

H—=——H—H—M

LE=g. AL L R

Quadrupole ACC4 ACC5 ACCS6
magnets Dipole Standard
‘ %/ OTR
station
off-axis OTR screen, 8 x 27 mm, 10  "*,

mm offset to the beam axis)

Camera: Basler 311f, 8 (12) Bit,
480 x 640 pixels, 13 x 16 mm
— ~25 um / pixel
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The transverse deflecting

structure (TDS)

Installed in 2003,
Collaboration DESY-
SLAC

W28+ Frequency: 2.86 GHz
iz« Length: 3.6 m
- Maximum deflecting

voltage ~ 25 MV @ 20
MW input power

« Maximum induced
divergence @ 500 MeV:

~1 mrad / ps
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The TDS

* RF traveling wave structure, v, = c
» Iris-loaded, cell length : 3.5 cm

- F\ « Arrelativistic electron experiences a
¢ - constant force during its passage:

RE Input
Coupler

Fy = Fo-sin(opr)

A

by

v

Bean
Deflectidy

OCHF = W -ty
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Outline

« Setup at FLASH

 Measurement methods
— Calibration
— Current profile
— Longitudinal phase space
— Horizontal slice emittance and phase space
— Slice centroid offsets
* Results under FEL operating

conditions
 Error sources
 Summary
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Methods Longitudinal resolution and

6 000 calibration measurements
A Ay = 9. AC
y IIIIIII: O ja_ﬂ
Y94 Liaraaig b Y ¢ S
' TDS
¢
o Measurement of Ay as a
Estimation of oy, function of the RF-phase = S

-8 -81
6 6 Typical values:
-4 -4

2 2 S — 15

IS 1S
A A = 0¢ = 10 um
6 ol (30 fs)
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Methods Position jitter /

FLASH

Moderate input power: High input power:
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Measurement of the current profile

| BC3 ~XxFA 000 T
Quadrupole ACC4 ACC5 ACC6
magnets ,
TDS |1 Dipole OTR station
- e, , &
. T 1 1 / /4
Kicker /

L ]
....

Measurement of current profiles
» Calibration of longitudinal distances

« Calibration of a charge density scale
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Measured current profiles of

650 MeV, 1.0 nC,

no deflection in
the compressor
chicanes
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uncompressed bunches
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Measurement of the distribution in
longitudinal phase space

| BC3

Quadrupole ACC4 ACC5 ACC6
magnets -|

TDS 11
- —

Kicker

Dipole

« energy-dependent position on the screen: Az =D -——
O

* typical values: D ~ 30 cm, o, = 100 um =
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Measured distribution in longitudinal phase

space of uncompressed bunches

025 gl 5 = 0-025%(150 keV)

o
SN
L

A EJE [%)]
&
H

650 MeV, 1nC, compressor chicanes switched off
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Slice emittance measurements

Beam matching Reconstruction Variation of

point beam transfer
‘-'-‘ s i\r A, ‘.
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Optics for slice emittance

measurements

TV
\/BLEPIsin(Agy)

? ? ? ? ?
%0 85 90 95 100 105 110 115 120 125 130
z [m]

10-14 steps per
measurement

B, [m]

| | | | | |
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z [m]
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Methods Results: measured slice emittance

at on-crest operation

» Estimated accuracy: < 15%
(RMS)

* Mean slice emittance: 2.1um
* Projected emittance: 3.8 um

« Difference caused by
— Centroid shifts

— Beam deformation (" slice
mismatch”)

« Projected emittance after

| ) | | N " — correction of centroid offsets:
1CCD-image . - i tigndutaia o a1 ~2.5um

6 5 4 3 2 - 0
490 MeV, 0.6 nC
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Slice centroid offsets

Development during a scan of

quadrupole magnets: y-correlated and time-correlated

contributions:

A X [mm]

PSI, 19.06.08 Michael Rohrs michael.roehrs@desy.de





Tomographic reconstruction of

phase space distributions

Yeéx = 1.6 pm Tomography
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Outline

 Setup at FLASH
« Measurement methods

* Results under FEL operating
conditions

 Error sources
« Summary
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Measurement conditions

« Measurements performed at
— 494 MeV (27 nm)
— 677 MeV (13.7 nm)
— 964 MeV (6.8 nm)
« Average pulse energy:
— 0.5 ud (964 MeV)
— 5ud (677 MeV)
— 10 pd (494 MeV)
— not saturated!

« Optics and beam orbit changed downstream of the compressor
chicanes — no FEL-radiation during the measurements, but:
longitudinal phase space and emittance not changed!
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Results Longitudinal phase space measured

00000 under FEL-operating conditions

Standard deviation
of energy : 0.25 %,
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Comparison to simulations: longitudinal

phase space under FEL operating

conditions
Simulation™ ; Measurement
0.2 ‘ ‘ ‘ 0.6 ‘ ‘ ‘
[, | 0.4"

O %R“"“'m

0.2/
o) P . <
s, -0.4 %

0.6/ |

0.8

D2 0.1 0 0.1

€ [mm]
494 MeV, 0.7nC 677 MeV, 0.5 nC

*Simulations with ASTRA (K. Fléttmann) and CSRTrack (M. Dohlus)
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Measured current profile under FEL-

operating conditions

677 MeV, 0.5nC

1.9KA —»

E—

Averaged over

1.5 100 shots,

longitudinal

resolution ~8um

1" (rRmS) 22 ym
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counts
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10+

Fluctuations from shot to

shot: peak current Imaz
1.94 + 0.14 kA
N m
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FEL-operating conditions:

centroid offsets

494 MeV, 0.7 nC

behind peak current region
- CCD-image (head region) ] peak current region
1+ , | . in front of peak current region

X [mm]

front

0.1 0 0.1 0.2
¢ [mm]
Horizontal offset of the peak current

region due to CSR within the second
bunch compressor
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Horizontal phase space

Centroid curve:

Projected distribution in
horizontal phase space:
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01  Head .
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x
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FEL-operating conditions:

slice emittance

= % Longitudinal
- | resolution ~ 8 um
: |
e 3 | (RMS)
O | | | |
2 ‘
__ 1.6 Current - | Increase in slice
f‘é cl)'é profile ‘ ‘ | | emittance in the peak
- 04 I J . \_ . |current region:
0 « Cause?
— 1 | | — | | | * FEL-criterion?
< .1 CCD-image Disad .

015 -01 005 0 005 01
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Dependence on the RF-phase of

module ACC1

Comparison of experimental results and simulations: important
parameters not known with sufficient accuracy, in particular the RF-
phase of the first accelerating module (accuracy:~1°, needed: ~0.17)

Current profiles Slice emittance

30 ‘ ‘
—+1° : :
25¢ +0.5
20 —10
6 [ . o
SASE & - T 05
- 5 Ex 15
(@] W,
A =
< 10 ,,,,,,,,,,,,,,,,,,
Bb--oooo e
04 03 -02 -01 0 0.1 0.2 -8-4 0.2 0 0.2
¢ [mm] ¢ [mm]
1GeV, 0.5 nC
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Results

Comparison to numerical simulations

Current profile: Adaption of the RF-

phase of module ACC1 Slice emittance
2 | S | S 14 —
Measurement 1l Measurement
15 Simulation ] Simulation
10" no CSR
— E 8,
2 1 e
—_ e 6
>
0.5 ] 4
2,
82 015 01 005 0 005 01 015 %2 015 01 005 0 005 01 015
¢ [mm] ¢ [mm]

Simulations with ASTRA (K. Fléttmann) and CSRTrack (M. Dohlus)
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Emittance analysis

Measured distribution in 2-dimensional
the peak current region Gaussian fit to the peak
S, 8 um, S, 2 um,
20.5 T2kA 205 | o7ka
L ] i |
£ 0 | g0 '
0.1 P 0.1 |
0 “ ' ] . 0 1 2
’ 01 A1) : o1 <2
X [mrad] X [mm] X [mrad] X [mm]

typical: 2-4 ym normalized emittance, 0.5 — 1.0 kA peak current

— FEL radiation not saturated
— peak current may change downstream of the TDS
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Outline

 Setup at FLASH
« Measurement methods

* Results under FEL operating
conditions

 Error sources
« Summary
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Error sources Error sources:

Principle limitations of the method

— Shot-to-shot fluctuations in transverse phase
space

— Limitations of the longitudinal resolution

Errors in measured beam sizes:

— Resolution of the optical system (< 26 um RMS)

— Statistical errors of beam sizes (~10 % RMS)

— Calibration errors (~2 % RMS)

— Dispersion (from the kicker) (~< 10 % RMS)
Erroneous model for beam transfer due to

— Quadrupole gradient errors

— Energy errors

— Transverse space charge forces
— The detailed energy distribution (“chromaticity”)
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Horizontal slice emittance

Upper bound for
emittance, lower
bound for peak
current

Emittance error
< 20 % (RMS) for
typical conditions

Simulation of a
measurement
using ASTRA

michael.roehrs@desy.de




Error sources  Simulation of an emittance measurement /

00000 a tomographic reconstruction

Start-to-end simulation

|

Initial distribution at the
reconstruction point

> Screen
Particle tracking

I Comparison

Reconstructed phase . programs for data  «—— digital images +
space / slice emittance analysis Gaussian noise
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Error sources Simulation of a slice emittance

00000 measurement
10 ‘ ‘ ‘
| ‘ ‘ Reconstructed
« Tracking: 8 "\ slice emittance
ASTRA, incl. | |
space charge = 6 [-—---\\:--|- Slice emittance of
 Kicker included = ‘ ‘ ‘ initial distribution
* Longitudinal S N
resolution: ~10 ym ‘ ‘ | |
N A T

82 015 01 005 O 005 01 015
€ [mm]
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Error sources Simulation of a tomographic

00000 reconstruction: peak current region
0.1 ‘ ‘ — J 0.1
0.05 e 005l
—_ Initial
g 0 distribution: 5 0 Reconstruction:
g £
‘= 005 . Peak current = -0.05 « Tracking: linear
0.1} o region (25 um 01l transfer matrices
‘ length) « no kicker
2 1 0 1 2
X [mm] 2 2
0.1 ‘ 0.1
T 0 Reconstruction: T o Reconstruction:
£ L <
= -0.05, » Tracking: E oos « Tracking: ASTRA
ASTRA (nospace x ™ (incl. space charge)
0.4 charge) 0.1/
| | | e * with kicker
] ; * no kicker ‘ ‘ ‘ |
2 1 « [rﬁm] 1 2 -1 0 1 2
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Summary

Summary

« TDS successfully used to measure the current profile,
longitudinal phase space and horizontal slice emittance
with a longitudinal resolution of ~10 um (30 fs)

« Strong increase in slice emittance observed in the high-
current region, supposably due to CSR

« A tomographic reconstruction and a detailed phase
space analysis are necessary in order to estimate the
emittance of the “lasing fraction”, slice emittance not
conclusive

Thank you very much for your attention!
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