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()= Credits

0 The work presented in this section has been carried out by the SwissFEL team:

= A big acknowledgment goes to all the colleagues who contribute to it (and, I
hope, cited in a right way in the talk).

= To prepare my slides, I have especially used material from: Simona Bettoni,

Eduard Prat, Philip Dijkstal, Sven Reiche, Laser Group (Carlo Vicario et al.),
Thomas Schietinger, Marco Pedrozzi, Qiao Geng

0 In this talk I have summarized studies done at PSI in the last 9 years and in particular
measurements performed in:

» SwissFEL Injector Test Facility (SITIF): from 2010 to 2014

» SwissFEL: from Summer 2016 to now
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L!-_: Outline

Q RF source and photocathode

X/

% 2.5 cell S-band gun

X/

% Laser system and shaping

Q Definition of the working point

X/

< Emittance measurements and minimization

Q REF jitter and beam stability

X/

% Improvement of RF Gun Field measurements

O Linearizationin BC1

X/

% Using passive devices

Q What’s next at SwissFEL injector?
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Linear accelerators

Introduction to the SwissFEL

C-Band technology user
Photocathode » 2.6-3.4 GeV stations
RF gun BC1 BC2 kicker
I I T 1 I I T magnets T 3
inac inac inac
(mector. [ [| UL (e (I U ez (oo 0 (L dmees, (s -
0.35 GeV 2.1 GeV 3.0 GeV 3.0-5.8 GeV Aramis 0.1-0.7 nm
S-band 9x C-band 4x C-band 13x C-band
Main parameters ARAMIS

Wavelength
Photon energy

Pulse duration

0.1 nm-5nm
0.2-12 keV
1 fs - 20 fs (rms)

e” Energy (0.1 nm) 5.8 GeV

e  Bunch charge 10-200 pC
Repetition rate 100 Hz
Overall length 740 m

Hard X-ray FEL, A=0.1 - 0.7 nm (12-2 keV)
Linear polarization, variable gap, in-vacuum undulators
User operation from 2018

ATHOS
Beam Energy 2.7 - 3.3 GeV
Soft X-ray FEL, A=0.65 - 5.0 nm (2-0.2 keV)
Variable polarization with Apple-X undulators (2-m long)
Commissioning starts in December 2019
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S

Machine Evolution

— 6 GeV

Electron energy

6.1 GeV@12.4 keV

C_I';’ Design: 5.8 Gev  (compressed beam)
(12.4 keV), 100 Hz

12 keV

10 keV —
— — 5 GeV Nov./Dec. 2017 I>
N 8keV— First pilot cl, ‘ July 2018
Il experiments! 4.7 GeV (8.1 keV)
v O6keV—o 4 GeV 2.6 GeV (2.3 keV) |
N ' May 2018
:8_, 4 keV — 3.7 GeV (5.0 keV)
& — 3 GeV May 2017 o
£ 3keV — IPAC'17
8 2 keV — |0-9 GeV i0.3 keV) Achieved
§ — 2 GeV Dec. 2016 I>
£ Hhev = inagﬁlljclrgl'ioriQ o Aug. 2017
o 380 Miv (50 eV) First photonics

= 1 GeV commissioning
0.1keV — ¥ 1.62 GeV (0.97 keV) . . ‘
[ [ | [ I — 10Hz 25Hz 50Hz 100 Hz
2016 2017 2018 2019
Time

Courtesy of T. Shietinger
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SwissFEL
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(= 2.5 cell S-band RF gun

O Best design features from LCLS and CTF/PHIN RF
guns adopted

O Machined “on tune” according to HFSS

A No tuning plungers \

A No tuning step during machining

O Quadrupole compensated symmetric coupler

O Load lock chamber

Parameter HESS Measurement

m-mode frequency (MHz) 2997912 2997.912

fB-coupling 1.98 2.02

Quality factor Q, 13630 13690 + 100

Time constant (ns) 485 481

Mode separation (MHz) 16.36 16.20

Field balance (%) >908 >08

Operating temperature (°C) 57.7 53.0
RF and mechanical design: PSI
Fine machining cavities : VDL _
Pre-machining & brazing: PSI workshop 7.1 MeV @16 MW, 1us, 100 Hz
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(13 From RF design to copper

Cooling system was design for operation at 400 Hz
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T Field balance and dark current

T

‘E“z'ww y - frequency spectrum and field balance verified
= ool ] with the bead-pull method
2 0 l(l)() 2(‘)() 3(I)() 4(1)() S(I)() 6(1)() 7(I)() 8(1)() 9&) l().()() 1100 9 frequency and fleld bala nce as a fu nct|0n Of the
Force (N) .
- , - - force applied to the cathode plug
1k [--2997.912 MHz
2 | Do - on- axis electric field profiles for different
j s 52208208 Mz positions of the cathode plug
o
0

200 400 600 800 1000 1200 1400 1600
Length (arb. units)

6 m =100 Hz, Cu,Tpulse =1.0us
) ——Fit - Dark current versus electric field at cathode gun,
£ orl ¢ f=10Hz Cu, T =10ps rep. rate 10/100Hz, Cu and Cs2Te
£ | —Fi
; $ f=10Hz, CszTe, Tpulse =1.0us
_§ —Fit
— 0.05 1
s
en
i)
=
0 . : s
75 80 85 90 95 100 105

Electric field at the cathode [MV/m]
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= RF conditioning at SITF
20 28-May-2014 RF pulse width 0.3-0.5us
I F
/-—-— ]
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20 02-June-2014 RF pulse width 0.5-0.75us
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Blue lines: RF power
Green: vacuum pressure
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(F5{}» Gun installed in SwissFEL

Al

Load Lock '

Magnetic Manipulator (70 N)

Vacuum Suitcase:

10 kg; 4 Cathodes loadable Rotating Caroussels

(4 Plugs)

LIVE VIEW Cursors show:-

Region of Int

Min: 3 Max: 200 Auto: [ | x/y/z: 186, 203, 46 3 U/s

19 mm
—

Laser alignment cathode Cs2Te coated copper cathode, QE ~0.7%
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(IJ» Cs2Te coated copper cathode

ICT charge map

10 4.95

4.65

% Cs2Te coated copper cathode installed since July 2017.

% Quantum efficiency stable at about 0.7% with uniform
distribution around the laser spot until spring 2018

% The apparent QE of Cu_31 is now around 0.1%. The QE has

dropped after the shutdown of November 2018 around 0.1%
(still good for the operation)

y motor (a.u.)

0.008

0.006

0.004

0.002

o
P————
= T N
P

N1
ﬂ “h :

, i | '|p' | |
Nl [0 ild .
Apr 2018 JuI 2018 Oct 2018 Jan 2019

 micrograph /

% This summer we replaced the cathode
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(J=» Photocathode laser

» ALCOR Yb:CaF,

(Advanced Laser for photo-Cathode and Optical Replica):

Photocathode (A=260 nm): _,
= Energy up to 500 uJ (at cathode 0.05-1 uJ for QE~2-0.1%) 5=
= 0.65 FWHM gaussian pulses 3
= 3.3-10 ps flat-top by stacking

= 7-11 ps gaussian by UV stretcher

= UV laser stability at the cathode better than 0.8 % rms

% Solid state Yb:CaF2 (Ytterbium:Calcium Fluoride) chirped pulsed amplifier with excellent stability and uptime
% Variable circular aperture allows optimization of beam size on cathode (low emittance)

% Approximate flat top profile with pulse stacking — beam based profile optimization

% Systematic comparison pulse-stacked versus stretched Gauss profile.

% Standard operating procedure for routine gun-laser check - fundamental for stability and reproducibility of
the facility

Courtesy of C. Vicario et al. Page 14
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Longitudinal:

% Optimization done manually and
tuned with a simplex based code

% Used the uncompressed low charge
beam (closest to the bunch profile
at the cathode)

Transverse:

% Transverse shaping because of a large QE
a lot of laser intensity can be used

% Important to have enough reserve of
energy for the manipulations of the laser
beam in order to have a good
homogeneity.

Courtesy of C. Vicario et al.

(15 Laser shaping (laser group): Cu vs Cs,Te

Q =15 pC (L = 10 ps FWHM) Q = 200 pC (L = 10 ps FWHM)

Profile at SITF Profile at SwissFEL

15
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S

Laser stacking at SWiSSFEL e

NERGY COLLIMATOR

=2.6-3.6 GeV

LINAC3

LINAC 2

GUN INJECTOR LINAC1

ARAMIS

Image of zero—cr

STACKING

— Energy structures
still present

— Current
modulation
observed

— LH not efficient at
this wavelength

anaais s usdfalor

o¢ (arb. units)

GAUSSIAN

— Smoother profile
— LH not necessary

o¢ (arb. units)
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=

Definition of the working point
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(15 Injector working point optimization

Figure of merit (FOM) optimized is a weighted combination of the mean optics mismatch and slice
emittance over 34 of the bunch duration:

FOM =wl (<§>MID—PART B 1) W, <8>MID—PART
where the mismatch parameter is calculated as: 1 where °_0 Indicates the values of
P ' é/ =— (ﬂo Y — 2 oy +y, ﬂ) the projected bunch and o, B, v
2 are the Twiss parameters
—_ Projected emittance (mm mrad) Optln_‘l_al working po_lnt cgrresponds to a slightly different
. condition than the invariant envelope (booster located more
25(| |——Beamsize (mm) 7 downstream)
—.— Inv. Match. Point (IMP) Cavity 1 06
okl |—-—-Optimized point (1HP) A
§ ——910 nm/mm~-CDR
%Sgﬁﬁiier) g 05 910 nm/mm-optimizer |
1.5 g - = =550 nm/mm~-CDR scaled !
| - .
N § 04l = = =550 nm/mm-optimizer / J
1 E
5
m £ ol
05 E
I § 0.2
I Z
0 1 1 1 1 1 1 1
0 0.5 15 25 35 4 0.1 - . .
z (m) -2 -1 0 1 2
z(m) x 107

Reduction of the design emittance compared to the CDR (novel
working point and measured thermal emittance) Courtesy of S. Bettoni
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Design emittance for SF

Normalized emittance (mm mrad)

Q =200 pC Q=10pC
0.24 : : : : ' - 0.06
022} 5 00ss|
g
0.2} £ 005}
E
0.18} g 0.045
0.16 E 0.04
0.14} lé 0.035}
0.2t | @ 550 nm/mm-> 140 nm 2 ool @ 550 nm/mm-> 40 nm

0.1 L . L . L . 1 1 L 1 L 1
300 400 500 600 700 800 900 1000 0'02200 400 500 600 700 800 900 1000

Normalized intrinsic emittance (nm/mm) Normalized intrinsic emittance (nm/mm)

One of the highest brightness source for FEL hard X-ray facility
About 70% of the total emittance is given by the intrinsic emittance

S. Bettoni et al., PRST AB 18, 123403 (2015) 19
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(15 Emittance measurements (1)

£ A

» Transversely coherent FEL radiation is generated when |7 <~

4
gn : normalized emittance, 7:Lorentz factor,;{ : FEL wavelength 7/ 7

> If the normalized emittance is reduced:

» The final beam energy can be decreased - more compact and cheaper accelerator@

» Higher radiation power and shorter undulator line for a given beam energy

»The thermal emittance is a significant
contributor of the final beam emittance.
It can be expressed as (neglecting tilted

surface effects): 220} |

¢l o ¢eﬁ

gth = O-l 2

3m,c

Normalized Emittance [nm]

O'l rms laser beam size,

¢[' laser photon energy,

¢ effective work function 120
eff

emittance £, / O,
240 "" T T

I
2001 !
1
180
160 -

140}

400

500 600 700 800 900 1000
Thermal Emittance / RMS laser beam size [nm/mm]

Relative FEL power vs normalized thermal
for SwissFEL (200 pC)
T T T T 1

Relative FEL Power
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(15 Emittance measurements (2)

3
e

Effective work function ¢e = ¢W — ¢S — ¢W —

PE.(p)

4re,

¢W material work function ¢s Schottky effect
,B Enhancement factor (surface properties)

E (@) Field on the cathode at injection phase ¢

Expected effective work functions: ~4.0 eV for copper, ~3.6 eV for cesium telluride

When E, varies in a small range for a metal photocathode QE oc (¢, — (beﬁ)z

The effective work function can be determined by measuring the QE as a function of
the phase (Schottky scan) OR the QE as a function of the laser energy (wavelength scan)

Refs:

D. H. Dowell and J. Schmerge, Phys. Rev. ST Accel. Beams 12, 074201 (2009).
K. Fléttmann, TESLA FEL Report No. 1997-01, 1997.

Z. M. Yusof, M. E. Conde, and W. Gai, Phys. Rev. Lett. 93, 114801 (2004).

H. J. Qian et al, Phys. Rev. ST Accel. Beams 15, 040102 (2012).
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Courtesy of E. Prat

S

Slice emittance measurements at SwissFEL (1)

The beam is deflected in one direction as a function of time and the slice
parameters in the other direction are reconstructed using 2D profile monitors.

~15m

<

Matching quads <

s reconstruction

AR 8 R G G 0 G

monitor

A\ 4

point ‘

Deflector

Profile |

Measurement quads

/ / 6
Optics. The optics are )
scanned using 5 quads
between the transverse

deflector and the
observation point

Image analysis.
The beam is split
into slices, using
the centroid from
Gauss fitas a
reference. Per
each slice the
beam size from 4
Gauss fit is
obtained. 6

Deflection.

The streaking can be done:

1. Using an RF Transverse Deflector
(TD) (y)

2. Introducing dispersion to an energy
chirped beam (x and y)

2

o

vertical axis [mm]
N

Emittance/mismatch determination.
From the beam sizes per each
optics the emittance and optics are

obtained per each slice. 8

3

i

4
I
i
=
E
X
£
X

I

f

i .
k3
|
Y 3
EL W
WKk .
L
1CH
X
"%

15 1 05
horizontal axis [mm]
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(15 Slice emittance measurements at SwissFEL (2)

Optics example for TD measurements

5 quadrupoles are used to: , ‘ ; [ ;
»Scan phase-advance in the meas. plane WK eee® -
»Optimize longitudinal resolution 30
»Keep beta-functions at the PM under control £ 20
Q.
10+
0
180
\ €y
Longitudinal o<
; 135+
resolution Z\/ﬁ}’m,- sin(Auy, ) 3
’ L 90t
=
B,oi - B-function at the deflector i in the streaking direction 451
Apyrpispy: Vertical phase-advance in the streaking direction
between deflector | and profile monitor 0
g,~ emittance in the streaking direction Scan index

Long. resolution (assuming , £,=0.5um, E=250MeV)
TD: ~4 pm (V=5MV)

Courtesy of E. Prat Page 23
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[((5{}» Emittance resolution, errors and matching

Beam image close to screen resolution limit

100

QO SwissFEL profile monitor (YAG)

U Beam size resolution is ~15 pm, equivalent to an -
emittance resolution of 2-3 nm (E=250MeV)

Q Signal to noise ratio is good enough to measure slice g

emittance for bunch charges of less than 1pC ”

Errors
» Statistical errors from beam size variations (what is shown in the
error bars of the measurements). For 5% of beam size
measurement error this is below 3% (if Au,=10deg).
» Systematic errors expected to be below 5%:
» Screen calibration (~1%—>~2%) and resolution
» Energy and quadrupole field errors (<1%)

» Optics mismatch

D
o

[%2]
o
7

initial measurement

iteration 1

—=— iteration 2 1 |
1

w
o
T

Emittance [nm]
N
o

)
(=]
(¢

» Others (e.g. errors associated to Gauss fit) -3 2 -1 t[O] 1 2 3
S
5 25 i
Matching ‘aE‘a N U R
» Beam core is always matched to exclude errors due to SN\ T N
optics mismatch = 1 —r A NP —
» Matching of the core works normally in 1-2 iterations = o5l o
> Successful matching gives us confidence in the 5 Mez?surement fora~1‘pC bé}am
obtained emittance values = % 2 4 0 . 2 3
t[ps]

Courtesy of E. Prat M= E(’ByD 200, + 1) Page 24
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«(J» Smallest measured emittance

30

N
[6)]
T

slice emittance

= N
(&) o
T T

Normalized emittance [nm]
N
o

longitudinal bunch
charge profile

t [ps]

» Measurement done for a total bunch charge of about 30 fC

» Measurement done with low gradient (E=3.7 MeV) and smallest
laser aperture (rms laser beam size around 50 um)

» Core slice emittance < 25 nm

Courtesy of E. Prat Page 25
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(Z{J=» Source characterization

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 negligibl
The normalized thermal emittance ~#° ~ ! is reconstructed by
measuring the emittance as a function of the rms laser beam size
» The effective work function can be alternatively reconstructed from:
= Wavelength scan (QE vs laser wavelength)
= Schottky scan (QE vs rf phase)
»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: cath_3 (laser dependence), cath_19 (field at the cathode dependence)
» Cesium telluride: cath_13 and cath_8

Page 26
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(13 Laser wavelength dependence

Summary of the measurements

g 1000 N

E 900 4 i
o 8001 745 719 -
g 70077 i g -
S . =600

£ 600+ s . R
5 5007 547 A '
% 400 4 508 N
; 300 . Derived from QE vs wavelength (3.93+/-0.027 eV) 75 S L
3 200 4 Derived from Schottky-scan (4.06+/-0.09 eV) =
= - Derived from Schottky-scan (4.33+/-0.1 eV ) A
g 1004 = Wavelength scan 50um rms laser beam size r
5 0 1 « Aperture scans 0
< 240 250 260 270 280 290

Wavelength (nm)

» Measurements agree well with expected work functions
» Wavelength dependence as expected by theory ¢, /0, o< ,/¢l

» Wavelength-scans and Schottky-scans can be used to reconstruct the normalized
thermal emittances

» Same cathode show different work function after one month of operation

Page 27
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((J-{}=» Field at the cathode dependence

Field atthe  Normalized  Quadratic 250 B T
cathode thermal component £ 200 E, , 34.8 MV/m
[MV/m] emittance [nm/mm2] 8  eloy=370425 nm/mm | d
[nm/mm] % 150 E/ff;é'\g\é/m / cdmmeeos 348
) elo, = + nm/mm ! !
49.9 428116 716184 8 100l R ——— A
34.8 37025 508+137 e ‘ ‘ T
3 sol
16.4 346+25 321+£105 ‘ | |
% 005 01 015 02 025 03 035
—_ Laser rms beam size [mm]
E 750 . 1 x
» Quadratic component decreased as a E 700
function of the gradient - higher order & 650
effects are due to rf g 600
» Normalized thermal emittance changed § Zgg
as a function of the gradient as » S Lo
expected by theory &, /0, < E_ (@) 5 400!
§ 350
8300, 005 01 015 02 025 03 035
E. Prat et al., PRST AB 18, 063401 (2015) Laser rms beam size [mm]
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(J» Quadrupolar field effect

% Most of our intrinsic emittance measurements were performed with the CTF gun

- symmetric rf feed design to avoid dipolar kicks, but has no compensation of quadrupolar
fields

- These quadrupolar fields lead to a quadratic rise of the emittance as a function of the laser
spot size.

“ SwissFEL gun: quadratic effect is less pronounced (racetrack shape in the coupler cell)

300 T T T T T
——— CTF gun }

250} | — SwissFEL gun .
3
E

o 2001 A
o
C
©
=

g 150 1
)
)
L

» 100 -
o
o
O

50 1

0 1 1 ] | ]
0 0.05 0.1 0.15 0.2 0.25 0.3

Laser beam size (rms) (mm)

Courtesy of E. Prat Page 29
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(Z{J» Normalized thermal emittance

& /0 (raw)  Laser wavelength ~ Cathode field  &;,,/0; (normalized)

Cathode Measurement day [m/mm] [nm] MV /m] [gm/mm]
Cu-3 30 October 2012 0.51 £ 0.04 267.6 50 0.57 &£ 0.04
Cu-3 31 October 2012 0.55 +£0.01 260.1 50 0.53 £ 0.01
Cu-19 25 September 2013 0.44 £+ 0.02 262.0 50 0.44 + 0.02
Cu-19 04 April 2014 0.40 +0.03 262.0 50 0.40 4+ 0.03
Cu-22 13 June 2014 0.58 +0.03 262.0 76 0.54 4+ 0.03
Cs,Te-8 04 April 2014 0.54 + 0.06 262.0 50 0.54 + 0.06
Cs,Te-17 08 October 2014 0.54 £ 0.01 266.6 76 0.54 £+ 0.01
Cs,Te-17 08 October 2014 0.50 +0.02 266.6 76 0.51 £+ 0.02
Cs,Te-17 08 October 2014 0.52 +0.02 266.6 76 0.53 £ 0.02
Measurements at other labs (Cu): ~900 nm/mm normalized to a laser wavelength of
H. J. Qian et al, Phys. Rev. ST Accel. Beams 15, 040102 (2012) 262.0 nm and to a cathode field of

Y. Ding et al, Phys. Rev. Lett. 102, 254801 (2009) 50 MV/m

E. Prat et al.,, PRST AB 18, 043401 (2015)
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25 Emittance minimization

Source emittance contributions: Optimized with
* Cathode emittance * Gun RF gradient (maximum)
* Space-charge forces * Laser transverse size
* RF fields at the gun * Gun solenoid field
* Distance between gun and booster
Emittance growth sources Mitigated with
* Transverse coupling « Coupling correction
* Beam tilt (x-z correlation) * Beam tilt correction

« Coherent Synchrotron Radiation < Compression setup
* Optics in the bunch compressors

Page 32
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(13 Measured emittances in SwissFEL

Normalized slice emittance measurement
after nominal compression for a beam

charge of 200 pC at 6 GeV Measured normalized emittances for 200 pC and 10 pC

at different linac location

°00 200 pC Uncompressed After BC1 After BC2

ot (ps) ~3 ~0.4-05 ~0.03-0.04

200l I (A) ~20 ~120-150 ~1500-2000
£ Slice (nm) ~150 (140)  ~200 ~200
:g/ Proj. horizontal (nm) =200 (210) ~250 ~400
300 | < Proj.vertical (nm) =200 (210) ~250 ~300

§ g 10 pC Uncompressed After BC1 After BC2
3 000 | § ot (ps) ~1.4 ~0.2 ~0.003
N I (A) ~2.5 ~18 ~1200
£ Slice =60 (40) ~80 ~100
g 100 Proj. horizontal (nm) ~90 ~90 ~180
Proj. vertical (nm) ~90 ~90 ~90

Lowest emittance for an X-ray FEL measured
(to our knowledge)

Courtesy of E. Prat et al. - submitted PRL (accepted)
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((I» Few fixed points

“ Emittance
= Normalized thermal emittance ~ 550 nm/mm
= Dependencies with the photon injector parameters measured
= Design optimization + low thermal emittance — high brightness injector

» Systematically correct for the coupling (quad and skew quad corrector in the gun solenoid)

% Cs,Te vs Cu photocathode
= Similar thermal emittance, but Cs,Te semiconductor gives orders of magnitude larger QE
= Better uniformity of the transverse laser profile
= Cs,Te acts as a low band pass filter for the laser profile — less microbunching instability
= Simona is preparing a paper on this topic
= Also with the very good longitudinal profile and Cs,Te the stacking configuration does not look
promising for FEL
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RF jitter and Beam Stability in the SF linac

Proceedings of FEL2019, Hamburg, Germany - Pre-Release Snapshot 29-August-2019 13:00 CEST

RF JITTER AND ELECTRON BEAM STABILITY
IN THE SwissFEL LINAC

Craievich, R. Kalt, J. Alex, C. H. Gough, T. Lippuner, M. Pedrozzi, F. Lohl,
V. R. Arsov, S. Reiche, E. Prat, Paul Scherrer Institut, Villigen PSI, Switzerland

Aramis beam stability requirements (RMS): RF Station Phase
- Peak current (bunch length): <5 % T°:‘:::‘S")°e
* Beam arrival time: <20fs S-band (2.9988 GHz)  0.018 degS
« Beam energy: < 5e-4 C-band (5.7120 GHz) 0.036 degC

X-band (11.9952 GHz) 0.072 degX

Voltage
Tolerance
(rms)
0.018 %
0.018 %

0.018 %
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= Station Pulse-to-pulse Amplitude and Phase Jitter

RF Phase Jitter
Phase feedback: all ON 0

RMS jitter is calculated with the 10-min
amplitude/phase data with beam (RF rep. rate
100 Hz, statistics with beam rate 25 Hz).

d Gun measurement problem:

R EEEEEE R R R o = Contains high-frequency noise (not averaged
X 555555055 999523998355399 in pulse) and other passband mode (n/2-
18 X0 b edbadk mode): beam feels less jitter.
0 | *  S-band & X-band: ON | = Problematic cavity probes.
z © C-band: OFF (saturation) ) ) jnac1 C-band #6 pre-amplifier failed and
305 resulted in large amplitude drift in open loop
0 operation.

CrANMNMT T -ANNTOOONMNODDTANN—ANNTOONODO —N
SRR R R RN AR RAR AR iRARRQARRRZmRD - - :
Bhne28088888885888388538888888 0 Large phase jitter in some C-band stations -
X ANNNODOOOONOOOO®
RN R R | R | | | U [ R [

BOC and klystron multipacting.

Klystron output power

Data collected from SwissFEL at
July 13, 2019 13:44—13:54 36

L2 CB03
L3 CBO1
L3 CB02
L3 CBO3
L3 CB04
L3 CB05
L3 CB06
L3 CBO7
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BS Example RF Gun Amplitude and Phase Jitter

Data collected 2019.07.13 13:44 to 13:54

=)
@

=06 712 Gun vsum amplitude Gun vsum phase g
S ;, 60
§-04 g 71 § "
<o2 %,703 "—%400

0 - = Z70s &

500 600 700 800 QD(;an‘:(;:;DN;jIOO 1200 1300 1400 1500 ‘ 1 17 4200 - ; [; ; {0 - !

! 040 0.5 1 15 2 8 30 05 1 15 2 Offset frequency [Hz]

150 FER T T T T T T Pulse with beam . 10* Pulse with beam . 10*

100 " :\ — 1 1 Gun vsum amplitude (zoom) 807 Gun vsum phase (zoom)
¥ | ettt 1 2 M,M bl 2

0 et | e - 5 708 “ M l“‘ u] 'gaes i i {1 l I g

g - . . 3707 v { .J[ "z'ag.:~ WJ‘ iy b 'J g
Gun prObe, forward and ’ st’ulse&ﬂbear:‘nso w0 Pulse with beam 0 2 4 Oﬁse?frequenc;[Hz] 10 12 1
reflected waveforms. Amplitude and phase pulse-to- Spectrum of amplitude and

—h pulse data of Gun cavity field phase pulse-to-pulse data
< ' —> (vector sum of probe signals). '
l Possible sources of resonant peaks:
Pbl Pb3 . . o : : : .
J O Cavity probe is sensitive to the mechanical vibration major caused
- ‘ by cooling water flows.
‘ O Pass-band mode signal aliased back to the Nyquist band of beam
! repetition rate (25 Hz).
< Ph2

Courtesy of Q. Geng 37
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Use virtual probe to replace the probe signal.

RWVG100-DCP10:FOR

e Virtual

L Calibration >
refl. Probe

RWVG100-DCP10:REF

RGUN-PUP10:5I1G

Pbl Pb3 RGUN-PUP30:SIG
]
beam
-
.

I Pb2 RGUN-PUP20:sIG
Construction of virtual probe:
Vector sum of measured forward
and reflected signals:

Vior TAY 4 g TV

ref ;mea
Vref = cvfor,mea + dvref,mea
vprobe = Vfor + Vref = mvfor,mea + nvref,mea

(m=a+c, n=b+d)

Calibration of m and n:

Linear fitting with the “Pb1” and
measured forward and reflected
signals.

Amplitude [arb)
o
=

1
|
1
1
1

o .
500 600 700 800 900 1000 1100 1200 1300 1400 15t

Improvement of RF Gun Field Measurement

Probe 10
— — —Virtual probe

°
>
N
N
\
7

Amplitude [arb]
o
Y
~
S~
~

°
N
~

0
500 600 700 800 900 1000 1100 1200 1300 1400 1500

2 3 4 g
Pulse Mo. {100 Hz)

Sample No. Sample No.
150 e 200
! \ ol
100 ! _"T_ 100 ; ,
g, I
o Probe 10| N R o |
50} |~ — — Forward ! it oo st e it 100 {
————— Reflected ‘
-100 -200
500 600 700 800 900 1000 1100 1200 1300 1400 1500 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Sample No. Sample No.
7.1 . 40
Prohe: 0.00088 RMS E Probe
71 Yirtual probe: 0.00013 RMS 8 _B0 Yirtual probe
- =,
g 7.08 B
@ 2
E 7.08 -
é 7.07 =
I e’
7.08 o -
[
w
7.05 : -160 ! .
2 3 4 5 B 0 10 20 30 40 50
Pulse No. (100 Hz) w104 Offset frequency [Hz]
898 Prabe: 0.076 deg RMS 40 Due to beam-based FB.
Virtual probe: 0.033 deg RMS | — riue
~ .
896 1__6 60 ‘ Virtual probe | |
. m
E =
S 894 &
2 c
2 g92 ||| L 100
= g
[=%
a9 m -120
0]
(6]
88.8 -140

0 10 20 30 40 50
Offset frequency [Hz]
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(AE/E), geq

(AUL)p gy [%]

<1073 BC1 Energy
Esti., RMS: 1.11e-04
Meas., RMS: 2.66e-04

<103 BC2 Energy

Esti.,, RMS: 2.01e-04
1 Meas., RMS: 2.30e-04

0 5000 10000 15000 0 5000 10000 15000
Pulse ID Pulse ID
BC1 Bunch Length BC2 Bunch Length
02 Esti., RMS: 1.45 Esti., RMS: 8.91
Meas., RMS: 2.96 — 04 Meas., RMS: 11.8
o~
§ 0.2
s 0
)
o 0.2
<]
~ 04
0.2 0.6
0 5000 10000 15000 0 5000 10000 15000

Pulse ID
100 BC1 (after) Bunch Arrival Time

Esti., RMS: 1846 fs
Meas., RMS: 7.235 fs

0 5000 10000 15000
Pulse ID

Pulse ID
00 BC2 (after) Bunch Arrival Time

Esti., RMS: 13.09 fs

0 5000 10000 15000
Pulse ID

[-={J» Estimation and Measurement of Beam Jitters

O Beam jitters can be predicted from RF
measurements via the response matrix and
directly measured with beam diagnostics.

O When collecting data, all longitudinal
feedbacks OFF.

At BC2 Exit:

» Measured beam energy jitter: 2.3e-4 RMS
(goal: 5e-4)

= Measured bunch length jitter: 11.8 % RMS
(goal: 5%)

» Measured arrival time jitter (see next page):
13 fs RMS (goal: 20 fs)

Data collected from SwissFEL at

July 13, 2019 13:44-13:54 39
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BPs Bunch Arrival Time Mea. with C-band Deflector

S30CB13

Power

: litt
To Athos line RF <

" to energy -125.05 T T T
SWi . 3
swite collimator C-band deflector phase’ 0.021 deg RMS
and
LET
undulators -1251
=)
-
: inac ~apTe C-band TDS =2
Linac 1 BC-2 Linac 2 Linac 3 =—2anc D ® -125.15
_ - @2.1-58GeV b4
@ 2.1 GeV <
g o
1
calibration : 1.43¢ + 01 [um/fs] 2019-07-01 13:07:54 -1 252
2nd calibration: 1.37e 401 [;(m“/.s] Bunch duration: 34.829 [/517 — Time jitter: 15.998 [f.)]

Resolution : 6.83 [fs|— — Fits cross at: 187.45 [deg] 00=95.66 [um]
- T - - :

Deflector RF time jitter: 10 fs

4000 7 T A2 [t ' Zerocrossing 1]
S -125.25
H- i “of 1 0 2000 4000 6000 8000 10000

oo ol f } Pulse No. (100 Hz)

1000 -

o g 36
-1000 | N 2l
—2000 |
—3000 | d 2 : i H E : .
. . stimated actual bunch arrival

~ao00f .Measured arrival time jitter: 16 fs RMS

1870 %72 Ph18~‘7‘[:] 187.6 187.8 0.2 0.4 Ph?.G[d] 038 +1.é§8e2 tlme at the end Of Linac 3 Of
SwissFEL:

Image of zero— crossing 1 Image of zero — crossing 2

by wus =167 =10% ~13 fs

2 picture coordinate [um]

= 0
-50 -100 -150 -200
time [fs] time [fs 40

-50 -100 -150
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Correlation between bunch length jitter
measured with CDR (BCM) and jitter sources.

side:

*  RF Gun stability need improvement,

=  X-band stability needs special focus
—need to be improved even better
than the original stability
specification in CDR;

= Linac 1 C-band phase stability
(mainly due to BOC multipacting)
needs improvement.

The correlation strength shows the
potential RF stations that have large jitter
and require improvements.

Conclusion from the correlation on right

BC2 bunch-length jitter:RF-beam Jitter Correlation

BC2 CDR BC2 CDR BC2 CDR

BC2 CDR

3000
2000
e | * oorrooef=0‘11|
7.06 7.08 71
Gun amplitude [MV]
3000
2000
*, !
1000 | * oorrcoef=0.16|
20.86 20.88 209 2092 20.94
X-band amplitude [MV]
3000 #*
2000
¥
1000 I * oorrooef=0.15|
259.7 2598 2599 260
L1 CB03 amplitude [MV]
3000
*
2000
1000
[ # corrcoef =0.053 |

209.9 210 2101
L1 CBO7 amplitude [MV]

210.2

BC2 CDR BC2 CDR BC2 CDR

BC2 CDR

3000 *
*
2000
1000 [ % cormcoef=0.26]
89 892 894 896 898 90
Gun phase [deg]
3000 1
2000 [
1000 1 #  corrcoef = 0.53
694 -69.2 -69
X-band phase [deg]
3000 f
2000 |
1000
*  corrcoef = -0.16
1315 -131 -130.5
L1 CB03 phase [deg]
3000 |
2000
1000 #*  corrcoef = -017]

40.6 40.8 41 412 414 416
L1 CBO07 phase [deg]

Data collected from SwissFEL at July 13, 2019 13:44—13:54
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(= RF jitter and Beam Stability (comments)

Summary :

Q

Q

Outl

SwissFEL RF system has reached its nominal working point: 5.8 GeV energy
gain @ 100 Hz. Linac3 can provide 2 spare RF stations in hot-standby.

Most RF stations satisfy the stability requirements. Improvements are needed
for the RF Gun, X-band and several Linac 1 C-band stations. The X-band
phase jitter is one of the major sources for the bunch length jitter and a
tighter stability requirement should be applied.

ook for Future:

Q Stability improvement:

Improve the X-band stability by improving the pre-amplifier (already replaced)
and modulator;

Understand and mitigate the phase jitter synchronous to beam (e.qg. Linacl #7);
Mitigate all the C-band stations with BOC multipacting.
Evaluate the drifts in RF reference distribution system and LLRF system.

42



PAUL SCHERRER INSTITUT

S

Beam manipulation using passive devices
i.e. linearization in BC1

Just one comment on the X-band active system for the linearization: we are
using two 70-cm long X-band structures in order to limit the RF from the
klystron (~10 MW)
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[(H» Beam manipulation using passive devices

TUNING LINAC
E =2.6-3.6 GeV

ATHOS

BC1 BC2 ENERGY COLLIMATOR

GUN INJECTOR LINAC1 LINAC 2 LINAC3

ARAMIS

E =300 MeV E=2.1GeV E =3.1GeV E =5.8 GeV

3 different metallic
corrugation: dechirper,
linearizer, 2-color generation

Page 44



PAUL SCHERRER INSTITUT

S

N
\
\
\

AE/E) [%]
[=}
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|
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-02 0 02 04 06
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//
— 2
& /
@ 0 ///
3
) /
/
0.5 0 0.5
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yd
2 yd
S yd
S
g o /
3 /
-2
-0.5 0 0.5

15/ Without X-band
1| active system

I[kA]

0.5

~—

0—0.2 0 02 04 06
z [mm]

0.3} Pty “"fh‘lf»h s ‘IJAJ“

$02
= With X-band

0.1 .
active system
%3 0 0.5
z [mm]
04 Lh'll
g 0 3 e '”'r»"~‘n1'”'«],1p l"w”.n-w Mo,
~ 02 With passive
0.11| system
85 0 05
z [mm]

Time (arb. Units)

-
-2000{ —e- gap = 4.0 mm
-
-

—4000 {

-5000{ —e- gap = 9.0 mm > s

Beam manipulation: linearization

Measured beam longitudinal phase space

| T centroid position of slices
ST along the bunch for different

1000 —o-. gap=2.5mm g™

gaps

gap = 3.5 mm

gap = 4.5 mm

. gap = 5.0 mm ‘g\\ -~
gap = 5.5 mm

-e-- gap = 6.0 mm
gap = 6.5 mm @,

—-e-- gap = 7.0 mm .y\‘\\\.\ A 28

3000 {

-e-- gap = 7.5 mm 's\\ Y
gap = 8.0 mm o ~
—e-- gap = 8.5 mm

—e-- gap = 9.5 mm R
- gap = 10.0 mm Aol
0 2000 4000 6000

Momentum (arb. Units)

8000

volt + passive

>

Passive structures at gap = 2.5 mm

S. Bettoni et al., IPAC 2019, MOPGWO07
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What’'s next at SwissFEL injector?
i.e. SwissFEL Electron Source: Margins
of Improvement?
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Final check

S

Injector Optimization: Combining RF and Beam Dynamic

Y

gun field map

RF Simulation Magnet Simulation )
solenoid field map )

<

( Optimization parameters )

C

Machine parameters

N\
J‘

Stretching
4 4

Y

Stretching
4 4

Gun ASTRA Solenoid
field map input deck field map
X ¥ ¥

9 ( ASTRA run )

<

(]

£ ( ASTRA output files )

@ Y

l:l ( Post-processing )

g I

= Penalty function
|/N L-OPT ¥ Selected\I
| Library optimizer

Final check

Penalty function

fo(Bn: () = — G (Bn - Bn,o) Brightness B, =

Parameters to optimize

» Machine operation

Laser pulse length

Laser transverse size

Gun phase

Gun solenoid field strength
First booster position

First booster gradient

> and design

»  First cell length
»  Regular cell length
»  Last cell length

VVYVVYYVYYVYY

M. Schaer et al, PR AB 19, 072001 (2016)

€x,n

/peak
“Ey.n
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—=1J» What's next? RF Travelling-Wave Electron Gun

O Motivation: exploring new designs of electron source at C-band frequency that could
represent a future upgrade of the SwissFEL injector. X

O Approach: higher electric field at cathode with shorter RF pulses RFlm
Setup SwissFEL Gun 1 C-Band SW Gun C-Band TW Gun
reference 60° 120°
Ein  [MeV] 6.6 9.8 | 12.0 12.7
lbeak  [A] 20 41 48 41
Exn  [um] 0.21 022 | 0.21 0.22
Exn  [um] 0.14 0.17 | 0.13 0.15
¢ 1.14 1.03 | 1.13 1.09
B, [TA/m?] 450 850 | 1050 870
B, [TA/m?] 965 1480 | 2940 1840
fo -1 —1.5 | —2.0 —1.4

Brightness a factor 3 higher than the SwissFEL

Peak current a factor 2 higher than SwissFEL gun )
Very conservative value of the field at cathode (135 MV/m with a H

filling time < 100 ns)
With 200 MV/m - Brightness 3870 (TA/m2) (factor 4 higher)

RF in—>

M. Schaer et al, PR AB 19, 072001 (2016)



PAUL SCHERRER INSTITUT

(J=» C-band RF Travelling-Wave Electron Gun

An innovative coaxial RF coupling from the cathode side enables

O the placement of the focusing solenoid around the cathode with a simplified magnet design that
integrates main and bucking coil

O the elimination of the quadrupole components of the RF fields in the region where the beam is

accelerated

O the introduction of gaps with vanishing RF fields, making the gun compatlble W|th the load-lock

system without the need of special RF contacts

|C-band TW Gun

|Frequency 5.712 GHz
Phase advance per cell 60 deg/120 deg
# cells 21/10
Structure length 215/220 mm

Q 4700/10000
|Fi||ing time 73/90 ns

lIris radius 5.5 mm

\Group velocity 0.95/079 % of [c]
|Nomina| gradient 135 MV/m
|Nomina| power 57.9/37.4 MW
|Repetition rate 100 Hz

M. Schaer et al., PR AB 19, 072001 (2016).
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(= WLHA: RF test facility for SwissFEL upgrade

Montage Afeal
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(ZJ=» Wir schaffen Wissen — heute fiir morgen




