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One FEL key component :

A the high brightness electron source

Why electron injector is so important ¢ . ? ? ?
A property of linacs : beam quality will DEGRADE during acceleration

Main components of short wavelength SASE-FELSs:
- electron source

- accelerating sections A e.g. wakefields, coupler kicks ianeaS_e
- in between: bunch compressor (s) A e.g. coherent synchrotron nOf_mallzed
- undulator to produce FEL radiation radiation (CSR) emittance

Example: FLASH 1
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C electron source has to produce lowest possible emittance !

Mikhail Krasilnikov & Frank Stephan | RF gunsfor FELs | LINAC 2014, Geneva | 31.8.7 5.9.2014 | Page 2




Why el ectron 1 njector

AWhy emittance must be small é
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Ae.g. XFEL goal: slice emittance (1nC) = 1.0 mm mrad@undulator

Aif even smaller emittance Y new horizons:
shorter wavelength, higher repetition rate
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Basic principles and challenges

Generic Injector Layout

co ressor
RF gun & mp

Accelerator ACCA1
Co00 0000 Laser heater
Eu ropean XFEL A booster high gradient linearizer & diagnostic

[| laser

> RF gun (high gradient, amplitude and phase stability, =~ 1maay Z cw bunches)

in general :

> Space charge compensating solenoids (positioning, no higher field components)*

> Photo cathode laser system (synchronization, laser pulse shaping in time + space)

> Booster cavity (synchronization, matched gradient and position**, later: high energy gain)

> 3rd harm. cavity to linearize longitudinal phase space (synchr., matched gradient + phase)[5]
> Laser heater to increase uncorr. energy spread (prevent p-bunching instability) [6,7,8]

> Detailed diagnostics of electron and photo cathode laser beam

> Bunch compression and then further acceleration of beam (A wakefields )

* FEmittance compensationi [ 1,  2*F fErBitlance conservationi []3, 4
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Basic principles and challenges

Emittance budget : - \/- - -
> thermal emittance - 9 | 2,0
[9, 10] where , ; RMS laser spot size @cathode
O mean kinetic energy of emitted ‘Q
> RFinduced emittance growth - ® | 5 2 [11], ., electron bunch length
> Space charge induced emittance growth - subject to numerical optimization,

different dependencies for different photo cathode laser shapes

High accelerating gradient at cathode

+ U mitigates space charge effects | === | (i cathode roughness plays larger role
U allows to extract higher Q for U reliability issues, heat load
fixed beam dimensions (0 larger - for long bunches

Photo cathode laser pulse shaping (intime and space):
A relaxes requirements on cathode gradient and gives a lot of additional flexibility !

C high cathode gradient helps, but laser shaping is as important ! .%

PITZ

Mikhail Krasilnikov & Frank Stephan | RF gunsfor FELs | LINAC 2014, Geneva | 31.8.7 5.9. 2014 | Page 5



Low average current RF guns (<1 pgA)

attach 1 km of
linac HERE

> Most popular S-band gun, the BNL/SLAC/UCLA gun,
and its further developments A the LCLS gun:
. o B Dipole magnets (8)
LCLS Injector B S-oand RE ace. sactons ()
Setup @SLAC:

135MeV

250 MeV

Deflector

2-km point in 3-km SLAC linac 1

X-band RF
acc. section

BC1

Realised design improvements

> Z-coupling (reduces pulsed heating,
Increases vacuum pumping)

> Racetrack to minimize quadrupole fields

== cylindrical cavity

>

0.003 ~—— racetrack coupler cell

0.002 / \ —a— half-cell w ith laser ports
0.001

-0.001 /
-0.002 \ /
-0.003

> All 3D features included in modeling 005
(laser port and pickup probes, ff phase
3D fields used in Parmela simulation)

For more details see D . Dowell et al., SLAC, FEL 2007, Novosibirsk; R. Akre etal.,, PRST-AB 11, 030703 (2008); C. Limborg etal., ~.\¢/
PITZ ARF Design of tUCES-INOEBL GuXdbao et arfgun Adasilgrf efeddr t hePACCLS, 0 PlrpESY
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> Deformation tuning to eliminate field
emission from tuners

> Iris reshaped, reduces field 10% below
cathode

> Increased O -p mode separation to 15MHz
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Low average

current RF guns (<1 pA)

Collection of current

a) b) c)
Location LCLS, USA SPARC_LAB, Italy
Gun type NC RF gun 1.6 cell NC RF Gun

photo injector

Experimental results or
design goals/simulation

exp. results

exp. results

parameters for

Operation mode Gaussian | COMB
Pulsed / CW pulsed pulsed > LC LS
Cathode type copper copper
Single bunch charge 20-250 pC up to I nC up to ~200 pC > SPARC-LAB
Single bunch rep rate 120 Hz 10 Hz ~1THz
Length of bunch train N/A N/A currently <4 pulses
Bunch train rep rate N/A N/A 10 Hz
g;):ilrate q l;tzr;lecon;harge 2.4 -30nC/s up to 10 nC/s up to 4 nC/s f'alvehrage beam current
DC voltage / gap N/A N/A N/A In the nA range
115 MV/m, 105 MV/m, 100 MV/m,
Cathode peak field 50% at emission 50% at emission | 50% at emission
Beam energy at gun exit 6 MeV ~5 MeV 4.5 MeV
Norm. transv. emittance 0.3 - 0.4 for 150 pC ~1 for 280 pC | 0.54 for 2x90 pC | .
(RMS) in [mm mrad] @ 135 MeV @ 147.5MeV | @ ~100 MeV % low emittances
Norm. transv. slice emit- 0.3 - 0.4 for 150 pC 0.5 -1 for 280 pC N/A
tance (RMS) in [mm mrad]| @ 135 MeV (central slices)| @ 147.5 MeV
Charge fraction analyzed 95% 90 % 90 %
RF frequency 2856 MHz 2856 MHz ﬁ
Photo cathode laser: S-band guns
Laser medium Ti:Sapphire Ti:Sapphire
Wavelength 253 nm 266 nm
Gaussian up to 4 Gaussians
Temporal pulse shape Gaussian, 2-3 ps FWHM 7.3 ps FWI—iM (0.15 ps RMS)
S within ~4.3 ps Table from F. Stephan,
Transverse pulse shape truncated Gaussian, Gaussian, Gaussian, M. Krasilnikov (2014) [12]
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Medium average current RF guns (1 pA < I%:@ < 1mA)

> The PITZ gun, used for FLASH

and European XFEL: How to achieve small emittance :

> High gradient at cathode:
~60MV/m (1.3GHz)

> Cathode laser pulse shaping

temporal ’prpjijsei - transverse profile

Cs,Te cathode
QE~0.5-10%

07
06 +— |

FWHM=(21.20K0.33)ps
I rise time=(2.02 N0.11)ps
faII tlme (2 62 I\D 13)ps

ocoooo
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|
I
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t, ps

> Gun launch phase stability

> Beam based alignment , trajectory

A RF-gun: Electron optimization
-band (1.3 GHz) Cathode laser | | bunches : - -
1%5-cell copper cavity | =257nm ApC to g Emlttance. compensqtlon and :
ARF power: ~7MW peak oulse trains PN conservation A multi parametric
850 ps pulse length (800 @IMH2), | | Aus Iy mgchlne tuning (solenoid, laser spot
@10 Hz A ~1% duty cycle| | 10Hz rep.rate. —7MeV/c sl ze, gun phase, b
ADry ice cleaning ABunch Laser s,
C low dark current A trains Gun phase 1, mln( - h - R)

: with statlstlc
Solenoid 4
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Medium average current RF guns (1 pA < I%:@ < 1mA)

PITZ: Measured emittance versus laser spot size
for various charges w.r.t. simulations
f

2.2 1 2550C measured | e o

——2nC, measured

~

Avieasured emittance results set
a benchmark on photo injector
optimization

2.0 ——1nC, measured | 100%RM """""""" """"""" CE

| ==2nC, simulated | emittance ./ S

18 ‘
= values

< =1nC, simulated - ;
S 1.6 | T s AOptimum machine parameters

(laser spot size, gun phase):
experi ment | s

—~0.25nC, meas.

214
Z12

—0.25nC, simul.

——0.1nC, meas.

1ttanc

1.0 - =().1nC, simul.
£ 0.8 | =0.02nC, meas.
)

ADifference in the optimum laser
spot size is bigger for higher

> =().02nC, simul.

206 | ——— charges (~good agreement for
04 | |,z _soznc 100pC)
PR T VS~ e R o -
00 | “Goxmc ASimulations of the emission

00 01 02 03 04 05 06 07 need to be improved

rms laser spot size (mm)

- /
bunch gun charge cut
charge phase 0% 5% 10%
M. Krasilnikov et al., PRST-AB 15, 100701 (2012). 20xuC 0 deg 1.558=+0.050 1.32420.045 1.173£0.039
2.0 nC 6 deg 1.251+0.064 1.064+0.054 0.939+0.048
~ i 1.0 nC 0 deg 0.833+0.038 0.711+0.033 0.629+0.029
TABLE IV. Core X_y emittance (mm mrad) 1.0 nC 6 deg 0.69640.020 0.596+£0.017 0.520+0.015
measured for various charges and gun 0.25 nC 0 deg 0.328+0.010 0.28920.009 0.260%0.008
phases_ On|y statistical errors are shown 0.10 nC 0 deg 0.2124-0.006 0.188+0.006 0.170+£0.006
PITZ 0.02 nC 0 deg 0.121+0.001 0.108+0.001 0.098+0.001
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Medium average current RF guns (1 pA < I%: s < 1mA)

> The APEX gun at Berkeley: a NC gun for CW operation

NEG modules

U 186MHz:
}"e”"““a - reduced cathode gradient w.r.t. L-/S-band
e low beam energy at gun exit
port + reduced RF power density on surface
iniect;a;,:gg;cﬁf’ N + allows longer laser pulse on cathode
e | e 39 A reduced space charge density

+ good vacuum conductivity
A high QE photo cathodes (6 {"YQO i OYP
A reduces power request for cathode laser

Solenoid

RF Couplers

APEX phase 1 layout:

BPM, striplin

U Commissioning ongoing successfully A table
- dark current @19.5 MV/m A 350 nA
- 300 YA operation (300 pC @1MHz)
- 0 i "YQifetime (1/e) is 3 days

U Continuous extension is ongoing

Courtesy F. Sannibale
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Medium average current RF guns (1 pA < I%: s < 1mA)

Collection of current
photo injector
parameters for

> PITZ @ DESY

high QE photo cathodes

Z average beam current in
the YA range

% low emittances

% L-band and VHF guns

extensive photo cathode
laser shaping

@
Table from F. Stephan, __ | DESY
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