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Athos:

L-_: SwissFEL Soft X-ray FEL, A=0.65-5.0 nm

Variable polarization, Apple-X undulators
First users 2021

G‘ Construction Phase
2013-16

¢ ‘ 2nd Construction Phase 2017-20 »
VAL -, AV - L

dechirpers 8 UE38 + Chicanes  ;.color 8 UE38 + Chicanes
chicane

Athos 0.65-5nm /
L user

R '
stations
2.1 GeV I 3.Tev 2.1-5.8 GeV Arfs 0.1-0.7 nm

T— Aramis:
Hard X-ray FEL, A=0.1-0.7 nm

Linear polarization, in-vacuum
undulators

First users 2018

Main parameters:

Photon wavelength: 0.1-5 nm
Photon energy : 0.2-12 keV

Pulse duration : 1-20 fs

Electron energy : up to 5.8 GeV
Electron bunch charge: 10—-200 pC
Repetition rate: 100 Hz (2-bunches)
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(== (Slice) Emittance measurements

« Measure beam sizes for different
phase advances (close to 180°)

« Phase advance is scanned using 3
guadrupole magnets

« Solution for Twiss parameters is used
for matching X

Matching quads .
reconstruction Profile

( ) poir% ._._._“ monitor |

Measurement quads

M Streak the beam to

Beam size monitors: _
measure slice parameters

. Scintillating YAG screen
(slice and projected, single-shot, 10 ym res)
« Wire scanners (projected only, multi-shot,
higher resolution, =1 um res)
. We determine the beam size with Gaussian fit
o)

i
a
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BS Emittance measurement errors

Statistical errors
. Machine jitter — take several images per phase advance step

Systematic errors

« Profile monitor resolution (see below)

« Screen profile monitor calibration, expected <5% error in emittance

. Other errors (energy, quadrupole, Gaussian fit etc) expected <5% error

Concerning profile monitor resolution
measured true resolution B
n~s

€ np = YOrr
n, -
Bs

1)Increase [, . Limited by lattice and phase advance (70 m in slice emittance
at linac 3)

2)Decrease beam energy (y) (limited by effects such as space charge)

3) Improve resolution o Wire scanners have better resolution than screens
(only usable for projected)
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= From slice emittance to thermal emittance

1) Be sure that space-charge 2) Take into account the
., ¢effects are negligible high-order rf effects
. : i : 350
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Bunch charge (pC) RMS laser beam size [mm]

* We find the space-charge limit by
decreasing the charge until the
emittance is constant. Then the
charge-density is kept constant for all
the laser sizes

* Need to have high-sensitivity profile
monitor!

*The high-order effects depend
on the rf field (more pronounced
in old SwissFEL gun).
Normalized thermal emittance
as first order term of second-
order fit to the data
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= Thermal emittance

E,: average kinetic energy of the electrons at the cathode

metals:
semiconductors: 2Bk = ¢1 = dw + Pscn=01 = bery
2B =¢—Eg—Eq+ Pscn

2E}
3m,c

€th = 01

e3

Schottky effect: 4 . = \/ BE.

41eg

@ laser photon energy, ®,: material work function
E,: gap energy, E,: electron affinity, E,, E . threshold energy
B: local field enhancement factor (surface properties), E_: field at the cathode

Wide range of values in literature: @ ,=4.66+0.51 eV, E,, E;=3.5-4.6 eV, f=1-5
and higher

[0 Thermal emittance can not be estimated accurately and needs to be measured
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= Overview of thermal emittance measurements

Thermal emittance measurements as a function of
»Laser wavelength

»Field at the cathode

»Cathode material: copper and cesium telluride

Procedures
» Emittance: The thermal emittance is defined as the core slice emittance when
space-charge and rf effects are negligible
The normalized thermal emittance ¢,/0, is reconstructed by
measuring the emittance as a function of the rms laser beam size
»The QE is measured by recording the charge at a calibrated BPM (2.6 m downstream
of the gun) as a function of the laser intensity.

Used lasers
»Ti:Sapphire laser + OPA (wavelength dependence measurements)
»ND:YLF laser (all the rest)

Used cathodes
»Copper: Cu-3 (laser dependence), Cu-19 (field at the cathode dependence), Cu-22
»Cesium telluride: Cs,Te-8, Cs,Te-17

Used guns
»CTF3 gun: cathode field is 50 MV/m
»PSI gun: cathode field if 76 MV/m
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Set 1: (260.1 nm and 267.6 nm)
*Direct emittance measurement (aperture scan)

Set 2 (1 month later than set 1):

«Slice emittance at smallest aperture for 4
wavelengths between 260.1 nm and 275 nm
(overestimates thermal emittance by 10-20%)

(= Wavelength dependence

350 | | | |
..... elo = 547+10 nm/mm (A = 260.1nm)| | .

300 I
= ¢lo, = 508+35 nm/mm (1 = 267.6nm) Ef
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1000 : : 1 : :

900 - . Aperture scans

From QE vs wavelength @ = 3.93+/-0.03 eV
1004 From Schottky scan @, = 4.06+/-0.09 eV

0 {--e--- From Schottky scan @ = 4.33+/-0.10 eV
T T T T T T T

Normalized intrinsic emittance (nm/mm)

®  Wavelength scan with 50pum rms laser beam size |

240 250 260 270 280
Wavelength (nm)

RMS laser beam size [mm]

» Wavelength dependence
as expected by theory

Eth/o]oc\/gl

» Same cathode show
different work function after
one month of operation
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Field at the cathode dependence

Quadratic component decreases as a
function of the gradient O higher order
effects are due to rf
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Field at the cathode [MV/m]

Best fit with @,=4.70%0.07 eV and
B=0.79+£0.52. Good agreement with
expectations

Thermal emittance is reduced by 20%
but overall emittance can be worse due
to lower beam energy. Moreover QE is
suppose to be much worse (60%
smaller)
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Thermal emittance measurements

RS Material dependence: Cu vs Cs,Te

(normalized for A = 262 nm and 50 MV/m) OE measurements
0.65 10" = N
% * Cu3 4‘1‘%
0.6 1 - e Cul9
102 VvV Cu22 ]
34 Cs,Tes . ‘F -
i $ * H{ | Cs,Te-17 o
w 3| |
05 r % A (@] 10 % (P .
0.45 - % o copper . 10_4; 5 . ; . ]
+ cesium telluride 4 \4 s :
107k : et e e
0.1 1 10 100 100
0.35 Time [days]

Cu-3 Cu-19 Cu22 Cs,Te-8 Cs,Te-17

» The QE of Cs,Te is about 2 orders of magnitude larger than for Cu

» The thermal emittance is equivalent

Conclusion: Cs,Te for SwissFEL
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= Summary of thermal emittance measurements

Material Meas. day &n/o, (Mm/mm) | Laser wave. | Cathode field | g;/0;(norm. *)
(nm) (MV/m) (Um/mm)

Cu-3 31-10-2012 0.55=*+0.01 260.1 49.9 0.53=%0.01
Cu-3 30-10-2012 0.51£0.04 267.6 49.9 0.57£0.04
Cu-19 25-09-2013 0.44=+0.02 262.0 49.9 0.44=+0.02
Cu-19 25-09-2013 0.37£0.03 262.0 34.8 0.40%£0.03
Cu-19 27-09-2013 0.35+0.03 262.0 16.4 0.43+0.03
Cu-19 04-04-2014 0.40%£0.03 262.0 49.9 0.40%£0.03
Cu-22 13-04-2014 0.58+0.03 262.0 /6 0.54+0.03
Cs,Te-8 04-04-2014 0.54+0.06 262.0 49.9 0.54+0.06
Cs,Te-17  08-04-2014 0.54+0.01 266.6 76.0 0.54+0.01
Cs,Te-17  08-04-2014 0.50£0.02 266.6 76.0 0.51+£0.02
Cs,Te-17  08-04-2014 0.52+0.02 266.6 76.0 0.53+0.02

Measurements at other labs

Cu: ~0.9 pum/mm [H. J. Qian et al, PRSTAB 15, 040102
(2012)], [Y. Ding et al, PRL. 102, 254801 (2009)]
Cs,Te: > 1 um/mm [F. Stephan et al., PRSTAB 13,
020704 (2010)]

[ 1Wavelength dependence
[ 1Cathode field dependence
[ 1Cs,Te measurements

(*) Normalized to 262 nm and 50 MV/m
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Source emittance contributions:

s

Emittance from cathode / laser .
Space-charge forces .

RF fields at the gun .

Transverse coupling .
Coherent Synchrotron .
Radiation .
Leaked dispersion .
Transverse wakefields .

Emittance optimization

Optimized with

Laser transverse size

Gun RF gradient (maximum)
Gun solenoid field

In design phase:

distance between gun and booster

Coupling correction
Compression setup

Optics in the bunch compressors
Orbit alignment

Beam tilt correction

We optimize the emittance for every machine

setun
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BS Wire scanners compared to screens

After BC1 After BC2
300 ‘ - - 100 :
O Wire-scanner (data) ° Wire-scanner (data)
050 | —— Wire-scanner (fit) = Wire-scanner (fit)
+ Screen (data) 80 *+ Screen (data)
€ —— Screen (fit) € — Screen (fit) €n [nm| WS screen
= 200 = 60 | _Screlen_ without BC1 R0 &+ 4 &5 + 3
R 50l 300 MeV 3 rescuter BC2 17817 339 + 19
c o 5.8 GeV - -
£ E 40| - Assuming WS beam size
L 100 2 is correct after BC2,
50 | 20 1 estimated og: 23+4 pm
0 ‘ . . 0 ‘ ‘ ‘ +90% measured €
0 50 100 150 0 50 100 150 from YAG screen!
Phase advance (deg.) Phase advance (deg.)

. Perfect agreement at 300 MeV for projected emittance measurements at low energy
« Screens overestimate beam sizes and emittance at high energies

« Wire scanners required for high energies

« What about slice emittance measurement at high energy?
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(=)» Overcoming screen resolution for slice

measurement
_ A | .
En,M — €n + 5 OpR Linear equation in 7y
S

Assuming normalized slice emittance is independent of the beam energy, we can
estimate true emittance and screen resolution by measurements for different energies

After BC2 (screen)

=350 . 500 2.5
c
S ol Slice emittance B 5 70 m ol I

measurements

w

o

o
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Normalized emittance (nm)

% 150 1 O 200 pC (measurements
3100 - —— 200 pC (fit) 2001 1!
N O 10 pC (measurements)
g 50+ =10 pC (fit) 100 10.5
B 0 | 1 | 1 |
< 0 1000 2000 3000 4000 5000 6000 0 ‘ ‘ ‘ ‘ | | L , 0

Electron beam energy (MeV) ¢ 10 20 30 40 50 60 70 80 90

| 200pc | 10pc
Norm. emit. (nm) 186 = 3 94 x5

Resolution (um) 27 £ 7 29 £ 8

Current (kA)



PAUL SCHERRER INSTITUT

200 pC

400+ HEM Horizontal slice
Bl Horizontal proj.
| Wl Vertical proj.

=

€, [NM]

_ Uncomp. After BC1 After BC2

o ~3ps ~450 fs

~35fs

400 1

300 1

200

100 -

Ot

[(F=» Summary of measured emittances

10 pC

HEl Horizontal slice
Bl Horizontal proj.
B Vertical proj.

Uncomp. After BC1 After BC2

~1.4 ps ~20fs ~3fs

« Short-term reproducibility of measured emittance is excellent (about 2%)
« After machine start-up and re-optimization, ¢ after BC2 varies by about 10-20%
. Quite low emittance values setting new standards for linacs



PAUL SCHERRER INSTITUT

o IH» Contents




PAUL SCHERRER INSTITUT

BS Conclusion

» We have established a robust, precise and high-resolution procedure to
measure the emittance. This is crucial to validate and optimize emittance
towards very low values.

« Measured thermal emittance dependence on laser wavelength, cathode
field and cathode material (Cu and Cs,Te). Values around 500 nm/mm.
Lessons learned: Cs,Te for SwissFEL

 Excellent measured emittances at SwissFEL: slice emittance of 200 nm
(100 nm) for 200 pC (10 pC) with peak currents at the kA level.



