Status and Perspectives of Low
Transverse Emittance Photo Cathode
RF Guns

e experimental results from

ATF@BNL, SDL@BNL,
GTF@SLAC, SHI+FESTA@Japan,
A0@FNAL, ELBE@Rossendorf

e experimental results from
PITZ@Zeuthen

 How to reach the beam quality required
for the XFEL ?

Frank Stephan (DESY Zeuthen),
TESLA meeting, Zeuthen, January 2004



Projected Emittance Measurements at ATF@BNL

parameters: h
* 0.5 nC i
* 110 MV/m at gun L

* beam energy: 60 MeV
methode: —

* fitting Twiss parameters to
4 subsequent beam size
measurements

* transport optics adjusted to
maximize beam size at BPM
locations

fit result:
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<n=0.8 nm for 0.5 IIC, accuracy: better than 15%

path to small emittance:

check resolution limit of BPM, stability of laser and RF, BBA of beam optical
elements, improve gun gradient and QE, optimize transverse laser shape and
emission phase, tune beam with SASE gain at VISA



Transverse Laser Shape Studies from ATF@BNL
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Slice Emittance Measurements from SDL@BNL

setup:

parameters:
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« 200 pC
. 75 MeV

044 16 18 20 22 24 26
streak delay (picoseconds)

* laser: 2.4 ps FWHM
* slice width ~400 fs

Courtesy of W. Graves
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Slice Emittance Measurements from GTF@SLAC

setup: %

. :

é 3 m SLAC e % b

Gun Linac 8
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p aram eters : Phosphor Screen
* 300 pC

* laser: 1.8 ps FWHM
2 mm diameter on cathode

e phase: 30° from zero crossing
e slice width 550-750 fs
* beam size: signal cut at 5% of max.

D. H. Dowell et. al.,

LCLS-TN-03-2 (corr.)
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Projected Emittance vs Charge from GTF@SLAC
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WR on Emittance from SHI-FESTA@Japan

* 1.6 cell S-band gun (— 4 MeV) + 70 cm SW linac (— 14 MeV)

e Ti:Saphire laser system (— 50 fs long pulses at 800 nm) +
pulse shaping (e.g. gratings + liquid crystal spatial light modulator)

 temporal shape of laser pulses: (x-ray streak camera, resolution: ~2 ps)
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rise/decay time: 1.5 ps,
limited by streak camera




World Record on Emittance

Emittance measurements for gaussian and square laser pulse shapes

Methode: , gaussian fit to background subtracted signal frames
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Gaussian(9ps) | 1.85+0.13 0.83+0.05
Square (9ps) | 0.92+0.05 | 0.81+0.03
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Measurements at FNPL(AO)@FNAL [t

Ph. Piot

flat beam production: SPOT_YMIS_ XS
after solenoid field: after skew quads: S
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proof-of-principle experiment done, measured:
— now working for ratio > 100
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also working on e.g. plasma-wakefield acc.,
laser-based acceleration (needs E upgrade)

3.9 Ghz acceletating

NEXT . Pl M 3.9 Ghz deflecting
°

TESLA cavities mode stiuctuie
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energy upgrade MV —
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SC RF Gun Development at ELBE@Rossendorf

1.3 GHz, 10 kW

half cell & 3 TESLA cells
Ez,max= 33 MV/m (1/2 cell)
=50 MV/m (T cells)

77 pC

1nC

| =1 mA

CW

Collaboration: BESSY, MBI, TINAF, Univerity of
Peking, BINP, DESY, ACCEL, TU Dresden

- first operation of a SRF photo gun (1/2 cell) in 2002:
— measured current, energy + emittance @ ~1 pC
» start of the 3+1/2 cell project in 2004:

E =9.5MeV

0.5 mm
mrad

2.5 mm
mrad

(without th. emit.)
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Courtesy of J. Teichert

Choke filter Helium tank
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Experimental Results from PITZ@Zeuthen

Collaboration:

BESSY Berlin, DESY (HH + Z),
INFN Frascati, INFN Milano,
INR Troitsk, INRNE Sofia,
LAL Orsay, MBI Berlin,

TU Darmstadt, TU Eindhoven,

U Hamburg, @ YERPHI Yerevan

Faraday cup cathode
streak camera & screen 1 (Cs,le)
dipole quadrupole ‘ RF input
Faraday | ICT riplet , 1CT é i
B N buckin
o N e e
SCI‘S‘_&I] 4 & screen 3 slits & coaxial
radiators [ SCf%E;hi couplﬂl‘% cavity (1.3 GHz)
EE— laser input (copper, 1.5 cells)

Faraday cup (262 nm) Mmain solenoid



The Laser System at PITZ, ©MBI Berlin

Pulse shaper Diode-pumped
(T = 5%) Nd:YLF oscillator

diode-pumped
Nd:YLF preamplifier 1047 nm

OM EOM AOM

f =27 MHz

round trip

“

N

to

photocathode
I
[ M
: fourth 22 ps fljt-top
piCker cuﬁ'ztnt current harm ps edges
control control
Emicro =30 MJ
E.J Eburst =24 mJ
_ UV (26 2 nm)
2-stage diode-pumped 2-stage flashlamp-pumped |
Nd:YLF amplifier Nd:YLF booster amplifier | *oi~"
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Longitudinal and Transverse Laser Profiles

lOIlgitlldin al (measured at 524 nm) transSverse (measured in UV at virtual cathode)
— Measured
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Longitudinal Momentum of the Electron Beam

Mean momentum vs RF phase
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Electron Beam Longitudinal Profile

Cherenkov radiation

electron
trajectory

use of aerogel: SiO2 ,

vacuum window

refractive index = 1.03

;T

reny o '
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Transverse Beam Emittance Measurement

Faraday cup cathode
streak‘ camera o & scroon | (Cs,Te)
dipole quadrupole RE i
ICT 1% 1CT input
Eﬁrﬂdjly\ N 1 J\ _E%_.]e;_ 0[] .l‘-_._‘ é bucking
PN Y N R v = coil
screen 4 & screen 3 olits & _
radiators | ) coaxial
screen
 creen 5 BDM coupler cavity
Farad laser input _(capper,'l.s cells)
atacdy eip (262 nm) Main solenoid

Single Slit Scan Technique

Beamlets at screen 3 Beam spot E.lt- .scrge_r_lg 2

single slit
position

.
.
‘e

& —— - size of the beamlet is

measured for three slit - ™
positions:

v, =(¥
ne {— 1,0,1}
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Transverse Emittance vs Bunch Charge

laser diaphragm diameter D = 1.0 mm (not final optimum)

;510'0 ~ emittance vs. charge, Imain = focus+5A
= 9.0
o
£ 8.0 _
70 | ~--A--- emitt_X Odeg
= e.o | --H--- emitt_Y Odeg 5
& emitt_X -5deg -
=50 | . A
o ---H--- emitt_Y -5deg -
4.0 !
3.0 l o i
2.0 Y N D €1~0Q
1.0 g B |
0.0 \
0.01 0.10 1.00 Q (IIC) 10.00
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Steps to improve Beam Emittance

e status in Sept. 2003: min. emittance = 3 1 mm mrad

* improvement: steer beam away from vacuum mirror j,c,p-=12mm

pi mm mrad

vacuum mirror Cathode
RF-coupling
S :
/V N >l ]
"4

coaxial coupler

steerer A

laserinput

coil

cavity

bucking

. =ddeg
., =adeg ,’
,=adeg, A=2.4A ’
| -l emittY, -5deg, A=2.4A
fr _-'.
»
B
305 310 315
Imain, A

> improvement: > (.5 7 mm mrad

 systematic experimental optimization: long. laser profile, trans.
laser profile, 2D scan Imain and RF phase, Ibuck for fine tuning

Frank Stephan

TESLA meeting, Zeuthen, Jan. 2004
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Parameters used for the
simulation:

* charge =1 nC

* longitudinal laser profile:
— flat top

— 20 ps FWHM

— 5 ps rise/fall time

* transverse laser profile
— homogeneous

— 0,y = 0.6 mm

* max. gradient at the
cathode: 42 MV/m

Frank Stephan

normalized emittance / um
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5|
<
—
W
o
L2
I.E
@
_E
0
5 \ ' '
-10 -3 0
RF phase - D, / degree
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Transverse Emittance Measurements

Parameters: 1 nC, ~20 ps FWHM, ~7ps rise/fall time,
diaphragm = 1.2 mm

norm. emittance X / pm norm. emittance Y / pm

@, / degree RF

phase ~

RF

phase ~

®, / degree
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Fine Tuning of Laser Parameters

transverse profile (measured in UV )

1 2 Longitudinal Laser Profile Read File
I': I ] =N —g—N-] oooo —N—F Q- oo= o

( ° mm ) Measured Flat Top Fit 11 1z 3 t4 :
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c .. ‘ ; § § R o Tcerter = 77.32 ps
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oo Nl : r T[1]=62.09 ps
) 1es00 L T[2] = 70.35 ps
. $0 .0 2 TE . P B T[3] = 8429 pz
; C T[4]= 91.56 p=s
| 19000 [ I0 = 18205 64
R S, e N Imax = 21175851

| | 1 | 1 | 1
300 350 400 450 500 550 00 650
X/ mm

ox =0.55+0.02 mm

oy =0.61+0.02 mm =
FWHM = 21 ps; rise/fall time =~ 7 ps

18500 -E Modulaton = 3.7 &

Rise/Fall time =3%7 ps
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Measured Transverse Emittance vs Bucking Solenoid
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Start-up requirement of TTF2 is clearly fulfilled !



Summary PITZ1

e electron beam was characterized in a wide range of machine
parameters (e. 2. O, D0, Imain, Ibuck, laser parameters)
e optimum settings @ 1 nC:

\VExE, = 1.7 m mm mrad

€, =1.5 n mm mrad| have been reached with:

longitudinal laser shape:
‘flat top’, FWHM = 21 ps, rise/fall time < 7 ps
transverse laser profile:
‘homogeneous’, ox,y = 0.55 - 0.6 mm
solenoid current:
Imain ~ 305 A, Ibuck = 20-25 A — Bz = 0 at cathode
RF parameters:
phase: ® = @0 - 5°, gradient at cathode: ~ 42 MV/m

e cavity is now installed at TTF2
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How to reach the beam quality required for XFEL

Goal: 0.9 7 mm mrad from the injector for 10 Hz, 650 ps !!

* upgrades with ~40 MV/m at the cathode:

— really homegenous transverse laser profile:

= &n~1.57t mm mrad @ 1 nC  (ongoing in 2004)

Frank Stephan TESLA meeting, Zeuthen, Jan. 2004 24



Proposed Setup for Laser Beam Line to Cathode
© 1. Will (MBI), status: Draft ﬁ

L beam-shaping | L .. L L 5§56
in,1 Lout1a  Lout1b aperture in2a in2b out2a out2b s oo
f =750 mm f=-5000 f=3000mm d=2mm =750 f=-750 f=-750 =750 mm C
I < M=7.3 > I | I I I
o
Gaussian  pinhole |
input beam <—-M=11-—>
_ M1 M2 M3 M4 MV photo-
FWHM =2mm . . cathode
<mmmmm laser table ----- > < shaft > <-wall -> <------ optical rail ------ >
I ) ) v ) I v L v ) I ) ) ] ) I v ) v v l
0m 5m 10m 15 m marginal rays 20m

Z,+25cm Z,+ 50 cm

Z,-50 cm Z,-25cm

<« 3 mm —

V-00cm

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.2 -0.1




How to reach the beam quality required for XFEL

Goal: 0.9 7 mm mrad from the injector for 10 Hz, 650 ps !!

* upgrades with ~40 MV/m at the cathode:

— really homegenous transverse laser profile:

= &n~1.57t mm mrad @ 1 nC  (ongoing in 2004)
— 1mproved longitudinal laser profile ( 2 ps rise/fall time):

= &n~ 1.2 1 mm mrad @ 1 nC (realisation in ~2004-20006)
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Photo Cathode Laser Development for PITZ 2

Goals: - stable and reliable laser system for long pulse trains

- micropulses temporal profile: 20 ps FWHM,
rise and fall time <2 ps

- homogenous transverse intensity profile

- laser parameters widely variable

Strategy:

7S

« further improve the

Nd:YLF laser system

* two-channel mixing
scheme

Ti:5a oscillator

Fump laser

10 Hz

oscillator

;

ADM ECM ADM

f=27 MHz

Faraday
isclator

pump diodes

pulse
picker

pulse
picker

moderate power Ti:Sa channel

mask

Ti:Sa regenerative amplifier

W

pulse shaper
(=1% transm.)

ACM EOM AC —Dw
Ti:Sa

Ti:Sa multipass amplifier

{total gain = 35)

Ti:Sa

F'|.||I||'I laser t
50 W 1 ms. IIIH:

flat-top

large power Nd:YLF channel

mask

pulse shaper
(5% transm.)

twao ar three-stage diode-pumped

M YLF amplifiers

pump diodes

IR pulses,
[ » sharp eges,
Fd s » E=20ul
Q-gwitch Ti:=a _F' = 20W
Ao=850nm
Fump laser I"
50 W, 1 ms, 10 Hz
Mixin
FPump laser g
50 W, 1'ms, 10 H stage
'
— N
S
F & W
BBO flat-top
LY pulses
sharp edges
E =20 ud
2-stage P=20W
Mad:WLF power amplifier k=247 nm
(B0 -0: 1]
[ | D ."
- to
pulse . THG  fattop pulses hato-
. wump dicdes - F
picke: pump diodes with slow edges cathode
E =100 pd o
° P =100 wW
© I. Wlll, MBI % = 340 nm




ASTRA Simulation of PITZ 2 (20ps FWHM, 2ps rise/fall time)

77777777777777777777777777777777777777777777777777 Xrms(TESLA) / mm -

,,,,,,,,,,,,,,,,,,,, EmX(TESLA) / um

matchmg
cbndltlon

- used gun
gradient:

— Xrms(CDS14) / mm
— EmX(CDS14) / um 40 MV/m

— Xrms(no booster) / mm

— EmX(no booster) / um

diagnostics section |

T T ———————————

2m 4m 6m 8m om 12m 14m 15m
odul | m! dul 3 I modul 4 ! modul 5 ! modul 6| modul 7 ! modul 8 | modul 9_!
eun+ d agnostics cl‘oss: dipolel + l\w energy diagnostics ; b bster - EMSY 1 + dipole2 | EMSY?2 + triplet | matching | phase space tomography | EMSY3 + dipole3 T dump |
!

: ¢: ’v|‘ : : EMSY : EMSY : : : EMSY
L EON ERNG N =NEN BN ESNy NG i s o s s s IR s N s DN s s AN RS NS
e e et St TTNTVES S N S B e T S IR

v OTR /YAG screen [] Quadrupole

OTR + YAG screen O FC + beam dump
Cherenkov radiator

) Streak camera
Steering dipole




How to reach the beam quality required for XFEL

Goal: 0.9 7 mm mrad from the injector for 10 Hz, 650 ps !!

* upgrades with ~40 MV/m at the cathode:

— really homegenous transverse laser profile:

= &n~1.57t mm mrad @ 1 nC  (ongoing in 2004)
— 1mproved longitudinal laser profile ( 2 ps rise/fall time):

= &n~ 1.2 1 mm mrad @ 1 nC (realisation in ~2004-20006)
* 1n addition, with 60 MV/m at the cathode:

= &n~ 0.9 1 mm mrad @ 1 nC (started, ongoing in 2004,

depending on 10 MW
klystron)
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Transverse Beam Parameters for the XFEL Injector

6 - . .
TESLA cryomodule
« 1L5SMV/im | o 250MV/m 3rd
4 t harm. -
13.9 MV/m
<+t—»
5 G, [mm] |
€, [myl—mrd]
U . 1 . 1 .
0 6 12

distance from photocathode [m]
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Gun param.:
rms laser | 0.75 mm,
spot uniform
assumed | 0.74
therm. mrad mm
emittance
laser 20 ps,
pulse uniform
length
gun acc. | 60 MV/m
gradient
injecting | 44°
phase

‘—

proj. emittance

~ (0.5 mrad mm

(no th. emittance)
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