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

-~ Far e
“Bxperiment
Hall (underground)
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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 1072
Peak Brightness @ Undulator Exit 0.8 0.06 1033 *

* photons/sec/mm?/mrad?/ 0.1%-BW

FEL Frontiers 2007 Workshop David H. Dowell et al.

LCLS Injector Commissioning dowell@slac.stanford.edu



_l. : Stanford Linear Accelerator Center

Stanford Synchrotron Radiation Laboratory

LCLS Accelerator & Compressor Systems
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Injector and Bunch Compressor 1
Commissioned from April to September 2007
~5 Months

e OTR screens (7)

e YAG screens (7)

m \Wire scanners (7)

B Dipole magnets (8)

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

Spectrometer

~
X-band RF BC1

DL1 acce. section
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3D RF Design of Gun

E Z-coupling:
l reduces pulsed heating
u increases vacuum pumping
B Racetrack to minimize quadrupole fields

E Deformation tuning to eliminate field emission
from tuners

B Iris reshaped, reduces field 10% below cathode
E Increased 0-r mode separation to 15MHz
B All 3D features included in modeling:

m laser port and pickup probes o
] 3D fields used in Parmela simulation ' —+—cylindrical cavity
0.006 —s—racetrack cavity with
RF Parameters /.\\ dzo.t124“ 'ty .t
f” (G HZ) 2. 855987 E 0.004 / \ —A—Lazc;t1rsz cavity with
QO 13960 é 0.002 \ —o—La=c(;e:t1rgZ'l‘( cavity with
/] 2.1 0.00[{1'4) 120 - 60 60 120 )1;0
-0.002
Mode Sep. Af (MHz) 15
-0.004 E
EO:E1 0.999:1
-0.006
C. Limborg et al., “RF Design of the LCLS Gun”, LCLS-TN-05-3

f phase

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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The LCLS RF Photocathode Gun & Solenoid Assembly

focusing solenoid

beam port:
Attach 1-km
linac here
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I ma geS (o) f F i rs t P h (o) tO- E I ecC tr ons Profile Monitor vAGS:INZ0:211 05-Apr-2007 1805:95
April 5, 2007

First Photo-Electrons!!! Photo-Electrons:
After adjusting laser-gun phase

.1. —
A 800
o

FYofile hdonitor A S IM20:211 05— Apr=2007F 1323845

Dark Charge

200 400 GO0 200 1000 1200
® [Piell

It Works!!!

400 200 000
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T - Ene FIT BRROR 6 ghas =y =
LD Rt ©7 Laser stability vs. time
Dr ive LaS er 1.1% charge stability at 1nC, 2% is spec
Performance G o5 : L
E N . L
; *: . *’2* . * -H; . *** ****a- ***
Laser reliability is very good: Up-time > 90% T eay *g;fzéﬁf g? = Sk *w{% S
& y *ore g ) ******* **1--1- o *+ |
-Excellent support from Thales & Femtolasers = P A A R Sl SN
i i | . — . s & * * ﬁ A *****’; o *j_* *=
-Delivering > 400 microJoules to cathode (250 is spec) & “'7} #2357 ~ el LT b
*Shaping needs work, but still producing good A T o L
emittances {1 " s ’ -
«Excellent energy stability (1.1%) oo T T T T T
*Position stability on cathode, ~10-20 microns. TIME
STEP VARTHELE = TIME CSTEPC=500 LELAY=.10000
X-Correlator Measurement of Laser Pulse 5-MUG-07 22:33:36

H-Corr Scan - [KCorScan--2007-05-21-131722.mat]
900 T T T T T T T T T

amn | : W i
O A _
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=
=
T
1
Y (mm)

ann - I}
i
200+ /"{{I \ 4
100 ﬁ’ } 1
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Cathode QE and Uniformity

L3 1E=ATIG=2007 17:54:36, QEZE.ﬁBXlEI_D, Rgﬁ,=lil.338 mim
. T T T T T T

*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 (6x107).

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.
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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.
&, = 1.14 microns Head slices (8-10) are > 1 micron.
&, = 1.06 microns Peak Current is 100 amps.
Emittance Scan on OTRS:IMN20:5T1 16-2A0g-2007 17 40: 26RMS cut area Phase Space . )
. : : —— Slice Emittance on OTEEINZ20:571 16—Aug—2007 15:37.28RME cut area
| E = 0135 Gey enl - 1.8 T T T T T T -
130 Q= 039700 nC | — Emittance
z ¥, = 1.14£000¢1.00) pm o ——Current |
= 100} ; j;;:?inuw E ol &l ~ BMaG
A 00+ 000 ¢ 14709 oz U Position
E = TTEHET um c%‘—zn- L4 7
m S0r o, = 8053016 prad _anb —
¥WINDF = 1564 _gol __% 1.2+ .
! i " = 0 o & b - ]
QAL IN20 525 B0ES (kG Position (um’) E
Emittance ?;ﬂun on OTRE:IM20:571 16-Aug-2007 17:40: 26RMS cut area Fhase Space E osh - head _
E = 0135 Gev &0 g
- . iy A ¢ 1,660 pm 4ol ke 0.6 7
§ 100} T a0l
B -025 Bl (-044) 5 a4k ' i
& 01,00 (1.00) z U -.\
E : . = | _
Pof  ginmeme | B of 4 A
MDF = 840 ol ;
0 &0 Ol—— —4/ | ' 1 1 \_
-5 -4 -3 -50 0 a0 2 4 & g 10 12
QlAD:INT 525 BDES (kE) Pasition cpm) Slice Mumber

On-line analysis tools by H. Loos
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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.

Simulated Quadrupole Scan

|mm—mrad|

0 5 10 15
level [%] (total area cut)

Ethermal = 0.6 micron / mm = 0.6 mrad (normalized divergence)
Simulations Courtesy C. Limborg-Deprey

Stanford iy
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BC1 Chicane Emittance Growth

BPM

quads .
poor bend field quality correct n best emittance transfer
X nittance Scan on WIRE'L121:293 14—Aug—2007 22:23-28Gaussian Phase Space
i I d | I = E:oasoeevl if BO“‘I“*“*—“_Tﬁﬁ_“
Jquads ... S O '
FET AT TR B.— 087+002(0.95) m 80
—_ Off \/ o = —0.37+0.01 (—0.00)
E 1 / g = 1.08+001(100) .
I 4 o, = 54.29+ 0.9 um
" / S o, = 6652+ 085 ura
=2 7 = _ 1eor ¥2/NDF = 35.92 20| Wi re
n / K7 g =) y
— [ (@) == © ! 7/
o 3+ ,’ o ks = ofF
g ,: X - % scanner /i
! — © N
% -4+ ‘[' g 5 = E3 —20 [
é s 50} 1
= o %4 - i
< : after BC1:
BlueI (CQ1 1:-0.578 kG, CQ1 2|: -0.573 kG ; Red (CQ1 1|:CQ1 2=0) _sol
200 210 220 230 240 250 l l"l
BC1 X-Mover Position (mm) 78 ~ 1 6 _sol / |
. . 0 - - - —
read BPMs while scanning BC1 mover S =

Best ys_after BC1 with nom. (& more) compression is 1.6 um (& larger)
B Poor bend field quality (grad. + sext.) — AE/E scan shows 15t & 2"9-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%)
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RF Phase & Amplitude Stability

Gun: Linac:
rms amplitude error = 0.018% rms amplitude error = 0.056%
rms phase error = 0.032 deg$S

rms phase error = 0.108 degS

GLUMN AMPLITUDE, Mean value =5 3939, Relative error=0.018 %.

L15 AMPLITUDE, Mean value = 133.15. Relative emor = 0.056 .

amplitude

1 | |
] 100 200 a0o 400 A00 GO0
oo L15 PHASE, Mean value = 27183 Std. deviation = 0,103 deg.
i T T T T
B 005 R"t ...... b &
e r'r\|5! ﬂ A ‘I] : r{ |'p|| J I”l: ﬂ| g d | ]H | w
g Dﬂhlﬂillli[[lll*ﬂﬂ{ |"| _____ | qfﬁ‘ | I 'IY FI!"_I‘I_|‘|| |.“HJE\..|“,,'!J|| #I% i‘t‘lnl.’l.u"il l_ _g
£ U T T 'm".u TR AT YA P A
| lE“\l | || ! 4'1 Lf"*-'?ql' | q\. . g51 | | ‘flll I Al |||E1II |'|'IJ
—005|--- P !i ------ preeeee e ;--'---1---;-‘--{ ----- ; ---1-|-!|-1t}-;--‘--|'-lf-— ; ,
. . : : . ' i 1 1 1 I
e I A | A | | | | i 0 100 200 a0o 400 00 GO0
) 2 4 5] 3 1a 12 14 16 14 20
time [sec]

time [zac]
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Transverse Cavity (RF-Deflector)
Measurements of Bunch Length

Deflector ON
Deflector OFF Deflector ON in Dispersion Region

~
X-band RF BC1
acc. 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

~
X-band RF BC1
acc. section
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Bunch Length Measurements at 135 MeV & 15 GeV

Bunch Lenoth F"’VHMFSRSS PSU dl-gﬂsgﬁi?gﬁ;g ?gﬁ:gﬂaﬂ\gt 359 r35=0.202+0.124 Bunch Length  FitHM=1 696 ps  0167+000F mm 057120024 deny  r35=-0055£0.029
tverege TORO TMIT: 61 tﬁgns}_?ama _ TCA\f\,er;eST%Egrg?w; %?Ug;gs?a; NS: 1 Bunch Length  FIMHM=0805ps  0.0589:0008 mm  0.197£0.020 ey r35=-0.004+0.040
OTR2 U_.ZWiU.Um mm.l’deg. .Callbratlon Time: UE—_UQ—ZUJ?_ 21:3323 PR-TCAYS 03730042 mmideg  Calibration Time: 05-09-2007 13:25:03 TC&Y3  —13 degrees 1.57 degrees 584 %
o0 Measursment Time: 08-09-2007 21:35:44  Imags Processing Agoithm: RMS floor Measurement Time: 05-09-2007 20:08:06  Image Processing Algorithm: RMS focr PrTeava O afg.i\éeﬁgzengEggTM&ﬁﬁg%ﬁﬁiﬂ%_ﬂg_mw 19250
' ' - ' ' ‘ T T T ‘ Measuremert Time: 03-09-2007 2014:25  Image Processing Algorithm: RMS flacr
| q, = 7412124 pixel . ] 0 1 = 35462 1.14 pixel 9 T T T T T
o = 376+ 004 degree ‘ o= 057+ 002 degree ol o, = 34.74£ 083 phel |
o= 0.20: 0.03 degree
saf 1 g0 4
35 4
- ] Beam Energy 15 GeV ,
Beam Energy 135 Me ol BC1 Desi ng . 1. Beam Energy 15 GeV
= esign Compression [ . 1
gl 1 =
2 1.10 mm rms 5 9 P 5 Max Compression
& ol N 2 25 R
2} - B =3
B 8 . 0.058 mm rms bunch length
0 ]
£ ol e 0.167 mm rms bunch length 2 L1X at -30 deg .
o - T o
m — [ou]
ol ] L1S phase = 25 degS sk L1S phase = 25 degS ]
. - L1X phase =-20 degX . . L1X phase = -30 degX
L J . - L - J
Klystron drive at 60%. Klystron drive at 60%.
1aF 1 10k 1 L J
0 3 5 0 o5 1 o . . . L . g o o= 5 s 1
TCa ampltude (nomm ) -1 -0s Teay ampIEUde (ram 05 1 TCAY ampitude (nom) K
FV\HTJT%D_?;I.BP,ZQﬁI%:ggD_s?SﬁgSS T e e Tempord Profle -12.9 decress 05-09-2007 20,0805
= N P FIbHM=1 695 ps C=D858 ps Q=0.867rC 1, =523.819 4
T _‘—F T T T d Profile -12.9 o 05-09-2007 20:1425
90 A S5 20A——— ' ' FUHM=0 395 ps =012 pa. 6o 531 1 1= 581.135 &
s00}- 1
anf 4 : .
[950A > _
aol | a5
00 —
L L
oo —
350
g0 1
—_ 600 A
i€ @ 300
€ sl J I
o 103 ps — 5 < ]
5 S E
=
40 ] “ 400 E
200
s 1 20 |
150
20 b 200 E
100
135 MeV (. 15 GeV ‘
.
Il Il Il it h L L L 1
. 5 10 15 0 25 05 1 15 2 25 3 35 4 45 5 25

1
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Unexpected Physics!
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

T T
= BLERLIZ:280BL12C_5_SUM
#  BLERCLIZ1:280BL12D_5_SUM
= OTRELIZ1291TMIT

Bunch Length Monitors x 2w e

300 GHz L
P TE et % )

= *

100GHz . »+1

-
#*

3

-

3 x X
-« £ ¥ * %

OTR Optical Signal
1 1 l

1 1 1
a 10 a 30 40 a0 &0

RF Phase of L1S, relative to crest (degS)
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OTR Images Fluctuate from Shot-to-Shot
& Can Even

Produce “Ring-Like” Shapes!

raliui]

15000 -

|
10000+

2000 -

f

OTRS:LI21:25

300

=300

=1000

=1:300 =1000 =300 1]

B SD—DZDD

]

1 1 1
=500 0 s00 1000

Position (um)

1 1
—1500 —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 #  OTRSLI21E291:TMWIT |
Evidence for Optical 3- Behavior disappears when upstream
Microbunching: = A i - BRIC7) + OTR foil (1micron thick) is inserted:
T AIBSledt. 150 This increases the correlated energy
C = 0.0923+-0.001 97 . .
Optical Signal from OTR T e vmetn spread and damps microbunching

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

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

RF
Deflector

2-km point in 3-km SLAC linac 1

g
X-band RF  BC1 No Bunching in

L1S & L1X ON CREST acc-l_sf;”"” OFF BC1!

FEL Frontiers 2007 Workshop David H. Dowell et al.
dowell@slac.stanford.edu

LCLS Injector Commissioning



[ (] S :
— — Stanford Linear Accelerator Center

Stanford Synchrotron Radiation Laboratory

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 1.5 ps
Initial peak current kao 100 100 A
Projected norm emittance Yeyy 1.2 1.1to 1.3 um
Slice norm. emittance Y€y 1.0 0.8to 1.0 um
Single bunch rep. rate f 120 10-30 Hz
RF gun field at cathode E..hode 120 115 MV/m
Laser energy on cathode U, 250 450 uJ
Laser wavelength A 255 255 nm
Laser diameter on cathode 2R 1.5 1.3 mm
Cathode material - Cu Cu
Cathode quantum eff. QE 6 3 10°°
Commissioning duration - 8 5 mo

FEL Frontiers 2007 Workshop David H. Dowell et al. [t I -
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Summary of Accomplishments

B 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

B Less than 1.5% charge jitter

B Accelerated compressed bunches to 15 GeV

B Greater than 90% system up-time
m Operated continuously (24/7) April 5 to Aug 24, 2007

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

B The Injector Meets LCLS Requirements!

FEL Frontiers 2007 Workshop David H. Dowell et al.
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The LCLS Injector Commissioning Team:

Special Thanks

to the LCLS Injector Team
who allowed me to show their results.
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