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The LCLS will use the last 1/3 of the
SLAC linac to create an x-ray FEL

Far = e

“dBxpertment
Hall (underground)
S
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LCLS Design Parameters

Fundamental FEL Wavelength 1.5 15 A
Electron Beam Energy 13.6 4.3 GeV
Normalized Slice Emittance (rms) 1.2 1.2 mm-mrad
Peak Current 3.4 3.4 KA
Energy Spread (slice rms) 0.01 0.03 %
Bunch/Pulse Length (FWHM) < 200 < 200 fs
Saturation Length 87 25 m
FEL Fundamental Power @ Saturation 8 17 GW
FEL Photons per Pulse 1 29 1012
Peak Brightness @ Undulator Exit 0.8 0.06 1033 *

* photons/sec/mm?2/mrad?/ 0.1%-BW
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LCLS Accelerator & Compressor Systems

6 MeV 135 MeV 250 MeV 4.30 GeV | 13.6 GeV
0,083 mm ¢,~0.83 mm o,~ 0.19 mm o,~ 0.020 mm | az 0.020 mm
o5~ 0.05 % o5~ 0.10 % o5~ 1.6 % o5~ 0.71 % | 05~0.01%
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rf /’ ) 6m L =06 mo i
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P~ —25° P~ —41° ee~0" |
|
...existing 21-3b 25-1a | undulator
linac BCl 24-6d BC2 S8 i L =130 m
DL1 L ~6m L ~22 m |
L~12m Rsg= —39 mm Rsg= —25 mm | DL2
Rse =0 'L=275m

| Reg~0
|
I
I

SLAC linac tunnel
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Injector and Bunch Compressor 1
Commissioned from April to September 2007

~5 Months

e OTR screens (7)
@ YAG screens (7)
m \Wire scanners (7)

B Dipole magnets (8)
[ ] Beam stoppers (2)
B S-band RF acc. sections (5)

i
X-band RF BC1

DL1 acce. section

2007 FEL Conference David H. Dowell et al.

LCLS Injector Commissioning dowell@slac.stanford.edu



% AL
_I- ! ,_/..__ k Stanford Linear Accelerator Center

Stanford Synchrotron Radiation Laboratory

Commissioning Milestones

Spring 2006: Civil construction of buildings/shielding completed
Summer 2006: Drive Laser Installed

Oct-Nov 1006: Gunl high power conditioning in Klystron Lab
Fall 2006-Spring 2007: Drive laser commissioned, optics installed
Spring 2007: Injector & BC1 beamline installed

March 16, 2007: RF gun installed & RF processing started

April 5, 2007: First Photo-electrons

April 9, 2007: E-beam to 135 MeV

April 16, 2007: E-beam to 250 MeV & compressed in BC1

June 24, 2007: E-Beam to 15 GeV (200pC)

July 24, 2007: E-Beam studies at 1 nC

July 26, 2007: E-Beam at 1nC to 15 GeV

August 8, 2007: Compressed 1 nC e-beam to 15 GeV

August 2007: Injector Meets LCLS Requirements
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Thales Drive Laser System

Measuring 150-200fs 1.0mx1.5m breadboard

phase stability from osc.

---------------------------------- i 119MHz >300ps
i >600mW 5nm
Femtolasers Synergy |- T L[ stretcher | DAZZLER
Oscillator |
T4W | Regen Amp |¢———
. | Spectra Physics | ! I :
MILLENNIA Vs !

JEDI #1
100 mJ,120 Hz

Pulse Picker
>1mJ, 120Hz §

UV-diagnostics:
Streak camera

>1.5mJ, 120Hz1 120 Hz |

Spectrometer Pre-Amp <

Cross-correlator 4-pass Bowtie | 75mJ |

TG-Frog... >22mJ, 120Hz 120 Hz

~12m to cathode ,________________:::::::::::::::::::::::::::::::::::::::’::::::::: ::::::::::::::::::::::

uv i - i
Transport |« THG Compressor [¢—| Amplllgflert_ - 1OOJE?I1§% H
to Cathode §>3mJ >30mJ >40mJ “Pass Bowlie 120mHZi m, £

>0.4mJ. 120Hz 120Rz 120Hz o A20Hz . !

' ’ 1.0mx1.5m breadboard

255 nm

Updated figure compliments Ph. Hering
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3D RF Design of Gun

B Z-coupling:
| reduces pulsed heating
| Increases vacuum pumping
B Racetrack to minimize quadrupole fields

B Deformation tuning to eliminate field emission
from tuners

B Iris reshaped, reduces field 10% below cathode
B Increased O-r mode separation to 15MHz
® All 3D features included in modeling:

| laser port and pickup probes
] 3D fields used in Parmela simulation e —+—cylindrical cavty
0.006 —s—racetrack cavity with
RF Parameters - //.\\ Licglrgz;caw.wah
: racetrack cavity wit
f_(GHz) 2.855987 g / \ - 018 _y |
S 0o —+—racetrack cavity with
QO 13960 = N o
p 2.1 0'00?140 120 = ) 60 120 }1;0
-0.002
Mode Sep. Af (MHz) 15
-0.004 —
EO:E1l 0.999:1
-0.006

C. Limborg et al., “RF Design of the LCLS Gun”, LCLS-TN-05-3 s .

L. Xiao et al., “Dual feed rf gun design for the LCLS,” Proc. 2005 Particle Acc. Conf.
Slide Compliments of Z. Li & L. Xiao
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March 16: Gun-Solenoid Assembly
Installed at Sector 20!
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I m ag es Of I:I rst P h Oto - El eC‘t r O n S Frofile Mo nitor s 5 N20 21 1 05— Apr—2007 18 05:45
2 100
April 5, 2007
200
: Photo-Electrons: a0
First Photo-Electrons!!! : ot.o SRS
After adjusting laser-gun phase
& &0
p B0
PRofile fdanitor 78G5 IN20:29 1 05— Apr—-2007 133245 0
100
Dark Charge 200
200 1000
200 00 B0 500 100 12m
00 % (Pl

400

It Works!!!

00

w [FPi=el
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LA T 77 Laser stability vs. time
D”Ve Laser 1.1% charge stability at 1nC, 2% is spec
Performance 5 o] : L
E | *’* k2 * + **** *_
b * %* +* ** i* *-k* **** *
1 ili i . i o _*t- * w L g ¥ Bee FH
sLaser reliability is very good: Up-time > 90% ti e P g;ﬁa ey A 4]
*Excellent support from Thales & Femtolasers = Tt i fkﬁ%f*j o o dd s, pat
. . . . — e 3 * = * *l_i_!q,t i **-k**-k o *i* =
-Delivering > 400 microJoules to cathode (250 is spec) & “*7} 2% ° %f@ W s
«Shaping needs work, but still producing good N c1L,ES s N
emittances { " Fo : s
-Excc.el.lent ene.rgy stability (1.1%) | e T T T L T
*Position stability on cathode, ~10-20 microns. TIME
STEP VARTHELE = TIME CSTEPCS=500 LDELAY=.10000
X-Correlator Measurement of Laser Pulse 5-RUG-07 22:33:36

H-Corr Scan - [KCorScan-—2007 -05-21-131722.mat]
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Cathode Uniformity:
Comparison of White Light & Electron Emission Images

June 6, 2007

White light cathode image June 2, 2007
Electron beam image of cathode @ ~9pC

Grain boundaries Profile Monitor YAGS:IN20:241 02-Jun—-2007 18:4 345

:

130

160

Feature produced by high-power
conditioning in Klystron Lab

*Emission is very non-uniform on the 10-micron scale
*Perform ~weekly inspection of the cathode surface

-10 -3 0 3 10

¥ [(mml
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athode QE and Uniformity

15— AUG EDEIT 17 54 36, QE‘—E 68><1E| —EI 338 mm

O

1.2 —

*QE has been increasing due to constant
exposure to the UV laser and by actively

Emission Image of Laser Cleaning the cathode.
Cathode on YAG

=
(=]

*QE is now ~3x10°, 2 times lower than
spec (6x10°).

Bunch Charge (i)
=

*QE-scans show emission is in the Space
Charge Limited Regime at 1nC for a 1.3
mm dia. laser on the cathode.

=
e

0.z

=10 -5 o
X [mm)

| - | | | | | 1 1 1
n 50 1aa 150 200 250 300 350 400 450 500
Laser Energy ()

0.000035 | = . .
W L
il History of the on-line QE . == _';'_ Kl of Hr’_ -,
m 0000251 A approximate indication of QE -y - & .
E 0,000020 | .
gu.unuuls| H ll"‘ . h-l L
F 0.000010 J"‘H‘-

0.000005 W- .

0.000000 ™ o

05-07-07 06-14-07 06-21-07 06-28-07 07-05-07 07-12-07 07-19-07 07-26-07 08-02-07 08-09-07 08-16-07
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Projected & Slice Emittances at 1nC

Projected Emittance (rms) at 1nC Slice Emittance, Current & Matching:
(95% of the beam): Slices 3 to 7 (tail) are all below 1 micron.
g = 1.14 microns Head slices (8-10) are > 1 micron.
& = 1.06 microns Peak Current is 100 amps.
Emittance Scan on OTRSIM20:571 16-Aug-2007 17:40:26RMS cut area Phase Space . )
— : Slice Emittance on OTEESINZ20:571 16—Aug—2007 15:37.28RME cut area
E= I:I135 Gev 1.8 T T T T
o0 Q= 09%0MAC — Emittance
A F—z 1194:001:010([1112:?% N el — Cugrent
E’ 100 = —cum::;/g}g{ 5 . —1335;23
& ¢, =00+ 0.00 ( 1410) o 1al g
E o + - =1 .
|:|H§ 50 ? = 8353+D1E|J:rnad . —
f OF = 1564 _—Ei 12F ]
i = i S TR s g b - ]
QUAD:IN20:525BDES (kG Pasiion (um) =
Emittance ?g;n on OTRS:IM20:571 16-Aug-2007 17:40: 26RMS cut area _ fTSf Spajc:e : , E osh . - head _
6= 0997 01 ne il £
=_ 4 0N nek |
- = 106x0.01 ¢ 160 4ot
5 qoof X E‘L LTS OB A1 % ol = \
5 o = ~023¢ pAA (-0.14) s 041 ' 4
in = {08000 (1.00) n U -..\
E = BB.STE027 2 oot
b 2 = 58.9910.4pr1']:‘;|£! = S 02F /,1/ \L -
MOF = 880 i )
q itk Ol—— ——o/ 1 ' 1 1 \_
= =z 3 2 4 6 8 10 12
QUAD:INZO:S25BDES (kG) Position (um Slice Number

On-line analysis tools by H. Loos

Stanford

2007 FEL Conference David H. Dowell et al. [

Accelerator

dowell@slac.stanford.edu [

LCLS Injector Commissioning



% AL
_l. . ,_/..__ L Stanford Linear Accelerator Center

Stanford Synchrotron Radiation Laboratory
Comparison with Simulations

Measured emittance depends upon truncation of tails.
Experimental analysis truncates 5% of the base area of the images.
Therefore emittances are for 95% of the beam agreeing with similar analysis of simulations.

Comparison of Simulation (Parmela) with

Simulated Quadrupole Scan Measured Bunch Length vs. Charge
3 - : : : ! !
| |5
_ 25 .............. - E}F N
= . .
=
|E 2 ...........................................
E
T T T - T
&y
mM " = : : :
Phoeemee L ; — ] uﬁ(“‘ O Cinmlabiors eeeerrieieeens -
; 0 Expetimental data
0.5 ; ; T4 = ’ :
0 ) 10 15 it 0.2 02 1

level [%] (total area cut) D-éharge [ncﬂ]-ﬁ

Enerma = 0.6 micron / mm = 0.6 mrad (normalized divergence)
See C. Limborg-Deprey et al., Poster TUPPHO019
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Transverse Cavity (RF-Deflector)
Measurements of Bunch Length

Deflector ON
Deflector OFF Deflector ON in Dispersion Region

&)

Gu
Spectrom

i
X-band RF BC1

acce. section
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Linearization of Longitudinal Phase Space Measured
Using the RF Deflector & OTR Screen in Center of BC1

X-band OFF X-band ON

s
X-band RF BC1
acc. section
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Current ()

Stanford Linear Accelerator Center

Bunch Lergth FPAHM=10338ps  1.09540012 mm  3.75620.041 deg  r35=0202+0124
Ti,

WO S0 cegs  -90dens 1.0 Megavolts
Average TORD TMIT: 6108306778 Mel

OTR2  0.28240.001 mmfdey  Calibeation Time: 08-09-2007 21:3323
Meazurement Time: 08-09-2007 21:35:44  Image Processing Agoithm: RMS floor

Bunch Length FWHM 1 86 ps 01670007 mm
AN3

Stanford Synchrotron Radiation Laboratory

Bunch Length Measurements at 135MeV & 15GeV

-13degrees 167 degrees 551 %
Ayverege TORO TMIT. G023653554 Mel
PR-TCAYS 03790012 mmfden  Caliboration Time: 08-09-2007 19:25:03
Measurement Time: 08-09-2007 20:03:06  knage Processing Algotittm: RMS foo

057140024 deg  r35=-0.05320029

100 T T T T T
o= 7.41£1.24 pixel 70 01:35.4Et1.14pi)eel
gor G,= 3.762 004 degree t,= 0.57+ 002 degres
a0 B0
i Beam Energy 15 GeV
™ Beam Energy 135 Me a0 BC4 Desi ng .
=l _ esign compress
R 1.10 mm rms g 9 P
40
B sor B
E ol € 0.167 mm rms bunch length
wl B L1S phase = 25 degS
= L1X phase = -20 degX
20 .
Klystron drive at 60%.
10 10
0 —1‘ —UIS 6 DIS 1I 0 I 1 1 1 1
TCAY ampltude (nomm ) -1 -05 _ |rt0 g ) 05 1
AMPITUAE (Non
- ?Agp;?';%%?sﬁis L L Tempora Profile -12.9 desress 05-09-2007 20,0805
Pk FHM=1 BI6ps =0.555 ps Q=0.967nC Ip“=523.819 A
‘g/ A I T T T T T T T
an- wl Q20A—
ank 450
400
ToF
350
BO-
@ 300
103 ps <=
40k °
200
30-
150
20+
100
10
135 MeV » 15 GeV
o 5 10 15 QID 2‘5 0.5 1 1.5 2 2 5 3 3.5 4 4.5
titme (p=) time (ps)
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Bunch Length FW'HM U BO6ps 0058:0005mm 01970029 ceg  r35=-0.004+0.040
CAVI  -13degrees 167 degrees 581 %
Averege TORD TMIT: 6123129550 el
PR-TCAW3 0.379+0.012 mmsdeg  Calibration Time: 08-09-2007 19:25:03
Measurement Time: 08-09-2007 20:14:25  Image Processing Algorithm: RMS oo

Beam Size (pixel)

15

a = 34.74£0.83 pixel
a= 0.20+ 0.03 degree

\//
Beam Energy 15 GeV
Max Compression
0.058 mm rms bunch length
L1X at -30 deg
L1S phase = 25 degS
L1X phase = -30 degX
Klystron drive at 60%.

00

a00

oo

600

Current (A)
o
=]
=]

400

300

200

100

o
TCAY amplitude (nomm )

Tempord Profile -12.9 degrees 05-09-2007 2001425
FWHM=0896ps $=0192ps @=0981nC Ip(=351 A35 A

U A > ' '

time (ps)
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BC1 Edge Radiation Bunch Length Monitor ‘

Coherent Radiation Sources from Bend

Detector D

Imaging ——

P
7 Mirror

Bunch length after BC1: 60 — 200 ym
Wavelength range to determine
bunch length: 0.3 -1 mm

Measure integrated coherent power
and use frequency filters

Measurement Layout

~ MeshFilter
ER dominates at A ~ 1mm @ Paraboloid 1 First Signals from Pyro
1 10° Phase Scan BL11 =
Edge Radiation Simulation 12 bigh s :
_ 1o} *0.5mm High Pass *
Hole ) _1mm 2" Paraboloid = i
Mirrok Edge Radiation t%‘ & J[ %}
1%t Paraboloid : =i '
Detector 2 X 1
2F *
ok %ﬁiill%#w;*iiﬁu
[ 0 10 20 3 4 5 6 70
: A Linac L1 Phase (degree)
200 400 600 800 1000

Dist (mm) Slide and data compliments H. Loos

5 tanford
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Unexpected Physics!

107

Hery ()

BLER:LIZ1: Z0:BL12C_S_SUM Sum for dis

108

-
=
2]
T

10k

Strong Optical Microbunching with BC1
Set to Maximum Compression

Generation of COTR in the Visible Spectrum Indicates Microbunching
& Interferes with Using OTR Profiles for Emittance Measurements.

Comparison of Bunch Length Monitor
& OTR Signals

OTR Images Fluctuate from Shot-to-Shot
& Can Even P

T T
= BLERILIZ:280BL12C_5_SUM
#  BLERILIZ1:280BL120_5_SUM
= OTRELIZ1291TMIT

Bunch Length Monitors £ x e

300 GHz * il
- s = x . - G 10000
= § Ttro =
#
3 * 2
k- I " - g
100 GHz x * * W soo0r-
- 5
*
. E
E x ¥
i - i Lz X * X = % - -
OTR Optical Signal
1 1 1 1 1 1 l
o 10 2 30 40 50 &0 -s000,

prulu[un]

roduce “Ring-Like” Shapes!

15000+

=10

RF Phase of L1S, relative to crest (degS)
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—1500

1 1 1
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Position (um)

1
—1000 1000
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Unexpected Physics!
Coherent Optical Transition Radiation after DL1 Bend
Even With No BC1 Compression

1o OTR Optical Signal
1 I I #*  OTRSLIZT291:TMIT |
Evidence for Optical 9p- Behavior disappears when upstream
Microbunching: = A i - BRIC7) + OTR foil (Imicron thick) is inserted:
T AIBSledt. 150 This scrambles the correlated energy
C=00923+-00M87 . . . .
Optical Signal from OTR T spread and eliminates microbunching

screen with BC1 OFF is
strongly dependent upon
bend quad. Signal largest
when quad is adjusted to
make bend dispersionless,
its design value.

OTRS:LIZ21:291: TMIT charge estimate (Mel)
@
T

RF _
Deflector

2-km point in 3-km SLAC linac T

i
X-band RF  BCt No Bunching in
L1S & L1X ON CREST aCC'LSf;(’“"” OFF BC1!
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BC1 Chicane Emittance Growth

BPM

SEANG ACC

—~-s S a

wire(s)
gquads _
poor bend field quality correct 7, best emittance transfer
X nittance Scan on WIRELI21:293 14—-Aug—2007 22:23:28Gaussian Phase Space
: I d | I | I = | E:o‘,asoeevl [ i 80“;“*“*“‘_Tﬁﬁ_“
Oiqua S ________ al 1?5::0?%76@%%12?900) um A |
T AR . B.— 087+002(0.95) m 80 |
—_ Off \,’ u’; - -0.37+0.01 (—0.00) i
E 1k ’I g = 1.08+0.01(1.00) 40 !
=) F s G, = 5429+ 0.79 um I
" / S o' = 6652+ 085 ura \
=y f o _ o0 x2/NDF = 35.92 20f WI re N
o I k) E =) i
— I (@) == < Iy
& a3l ! o & C //
=3 4 X - gz "’ scanner /i
E ;I ('_U 2 < | N
M £ \ _ h |
E \‘ 50 .
| o “ i . —40f
< . after BC1.:
BlueI (CQ11 :-0.578 kG, CQ1 2|: -0.573 kG L Red (CQ1 1|:CQ1 2=0) _gal 7
200 210 220 230 240 250 ~4 /]
BC1 X-Mover Position (mm) 7%( ~ 1 ) 6 ﬂm _sol} / // ] |
- - 0 - - - L . L L s

read BPMs while scanning BC1 mover S b s iy

B Best yg after BC1 with nom. (& more) compression is 1.6 um (& larger)
B Poor bend field quality (grad. + sext.) — AE/E scan shows 1st & 2nd-order n
B Screen image biased by COTR — wires vibrate — variable results (& in y)
B Bends will be upgraded in fall 07 + proper chirp set (now >2% — 1.6%)

_ - ; Accelerator w
- - - - cEI‘l er 1 ek P
LCLS Injector Commissioning slide compliments P. Emma dowell@slac.stanford.edu _lt _
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Problems / Issues

B Low cathode quantum efficiency
m Improving with time & laser cleaning
E Drive laser oscillator loses lock to the RF reference

m New oscillator to be installed during fall 2007 (Compliments of
Femtolasers)

B BC1dipoles have marginal field quality
m Problem aggravated by longer bunch from gun than expected:
1.05mm instead of 0.84mm (rms)
m Will be shimmed and re-measured during Fall 2007
B Crucial diagnostics not functioning
m Faraday cup
m On-axis alignment laser
m Gun-to-Linac charge toroid
B Significant wake fields in x-band structure
B Difficult to maintain good emittance
m Day-to-day emittance varies from 1.1 to 1.5 microns for projected
B OTR diagnostics plagued by COTR
m Also starting to see small ‘holes’ in 1 micron Al foils
m Digital cameras lose trigger and video synch
B Wire scanners vibrate
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Comparison of Required and Demonstrated Beam Properties

Parameter Sym | dsgn meas. unit
Final e energy ymc? 15 15 GeV
Bunch charge Q 1000 1000 pC
Init. bunch length (fwhm) At 10 10 ps
Fin. bunch length (fwhm) At 2.3 15 ps
Initial peak current kao 100 100 A
Projected norm emittance Yoy 1.2 11t0 13 Hm
Slice norm. emittance Yy 1.0 0.8to 1.0 Hm
Single bunch rep. rate f 120 10-30 Hz
RF gun field at cathode Ecathode 120 115 MV/m
Laser energy on cathode U, 250 450 ul
Laser wavelength 4 255 255 nm
Laser diameter on cathode 2R 15 1.3 mm
Cathode material - Cu Cu

Cathode quantum eff. QE 6 3 107
Commissioning duration - 8 5 mo
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Summary of Accomplishments

E Achieved emittance goal of 1.2 micron projected,
Less than 1 micron /slice at 1nC!

B Peak current 100 amps out of gun,
500 amps after compressing in BC1

¥ Less than 1.5% charge jitter

B Accelerated compressed bunches to 15 GeV

® Greater than 90% system up-time
m Operating continuously April 5to Aug 24, 2007

B First Observation of Coherent Optical Transition
Radiation during beam transport and compression

B The Injector Meets LCLS Requirements!
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The LCLS Injector Commissioning Team:
R. Akre
J. Castro And Our Visitors:
Speci -
to the fgfgllrEZi?grSTeam Y. Ding DESY
who allowed me to show their results. D. Dowell L. Froelich
P. Emma T. Limberg
J. Frisch E. Prat
S. Gilevich M. Roehrs
G. Hays J. Roensch (PITZ)
Ph. Hering Trieste
Z. Huang P. Craevich
_R. lverson G. Penco
C. Limborg-Deprey M. Trovo
H. Loos
A. Miahnahri BESSY
J. Schmerge T. Kamps
J. Turner
J. Welch Soleil
W. White M.-E. Couprie
J. Wu
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Special Thanks
to the LCLS Gun Group:
Erik Jongewaard
Cecile Limborg-Deprey
John Schmerge
Bob Kirby
C. Rivetta
Zenghai Li
Liling Xiao
Juwen Wang
Jim LewandowskKi
Arnold Vlieks
Valery Dolgashev

Thanks for a Great Gun!!
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