Accelerator Physics Challenges of
X-Ray FEL SASE Sources
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Why a Linac-Based Free-Electron Laser (FEL™) ?

Longitudinal emittance from linac is much smaller than ring
Bunch length can approach 100 fsec with small energy spread

Potential for 100 brightness increase and 102 pulse length
reduction

Much experience gained from linear collider operation and
study (SLC, JLC, NLC, TESLA, CLIC)

At SLAC, the linac Is available
at DESY, XFEL fits well into TESLA collider plans

Use SASE™ (Self-Amplified Spontaneous Emission)

= no mirrors at 1 A
* Motz 1950; Phillips 1960; Madey 1970

** Kondratenko, Saldin 1980; Bonifacio, Pellegrini 1964
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Proposed/Planned SASE X-Ray FEL's

TESLA-XFEL at DESY (0.85-60 A) |

LCLS at SLAC (1.5-15 A)
INFN/ENA FEL in Roma (15 A)

Fermi FEL at Trieste (12 A) FIETTRA
SCSS at Spring-8 (36 A) Sheing- 4

4GLS FEL at Daresbury (SXR)
SASE-FEL at BESSY (12-600A) @
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TESLA XFEL at DESY

user facility .
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LCLS at SLAC
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SASE FEL Electron Beam Requirements

radiation wavelength (~1.5 1m realistic goal)

transverse emittance: &,<1 umat1A, 15 GeV
peak current  yndulator period

energy spread:
<0.08% at 7, = 4 kA,
K=4,A,=3cm,...

beta function — undulator ‘field’

FEL gain length: 20L,> 100 m for £,= 1.5 tm

Need to increase peak current, preserve emittance, and maintain
small energy spread, all simulfaneously

AND provide stable operation



'Slice’ versus ‘Projected’ Emittance
For a collider...

...collision integrates over bunch length — emittance ‘projected’
over the bunch length is important

Foran FEL... e slips back in phase w.r.t. photons by A. per period
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...FEL Integrates over slippage length: —>ie— NA = 0.5 /m
‘slice”emittance (and E-spread)is;important




Slice Emittance is Less Sensitive

0.1 78 mrad

— 0.2 fransverse however,
wakefield centroid shifts
effect i of slices can be

i Important
...ascan
variations

along bunch

emittance of short ‘slice’ not affected by transverse wakes
...also true for quad-misalignments, CSR, and RE kicks



RF Photo-Cathode Gun

rapid RF-acceleration to avoid space-charge dilution

bucking coil

L__| electron
-\ beam
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" coaxial
coupler

laser hbeam

main solenoid ]

emittance compensation soelenoid courtesy J. Rossbach



Thermionic pulsed high-voltage gun
...at Spring-8 SCSS (0.1-0.5 nC), CeB, cathode and sub-harm. bunchers
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Emittance Results from Gun Test Facility at SLAC

Normalized projected rms emittance ‘prOjeCted,
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C. Limborg, TUPRI041, TUPRI042; TUPRI043, courtesy'S. Gierman, J: Schmerge




Slice 3 Measurements at BNL

undulators linac (off) linac
v~ I = ]~ I A Y-VA - . ——
L 75 MeV 75 MeV 5 MeV
dump dmp . DUVFEL

b b
b H

projected
¢ y§=3.04m
200 pC, 50 A, 75 MeV
care needed with image processing

4 6
Slice Number

Data from SDL at:BNL: W. Graves, et al.
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Magnetic Bunch Compression

AV=Y/= AV=Y/= AE/E
| .0 OVer- | under-
— g, chiro' | = compression s ala—"compression
l z 7z z
1 ~ .
O./E
VHV
V= V,sin(wi) Az =R. ANE/E

L L

RF Accelerating Path Length-Energy
Voltage Dependent Beamline



LCLS Linac Parameters for 1.5-A FEL

single bunch, 1-nC, 120-Hz

250 MeV
0.=0.19 mm

05~ 1.8%
Linac-X
L=0.6m
$,~180

Linac-1 \

4.54 GeV
0.=0.022 mm
05=0.76 %

7 MeV 150 MeV
0,=0.83mm ¢,=0.83 mm
05~ 0.2 % 5= 0.10 %
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L=330m L=550m
Y e ¢rf: —43° ¢rf: -10°

L=-9m
fy=-38°

14.35 GeV
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z

05~ 0.02 %

undulator
L=120m

DL-2 I-
L =66 m

SLAC linac tunnel

(RF phase: @ = 0 at accelerating crest)

FFTB hall

Two stages of bunch compression




Coherent Synchrotron Radiation EaSUstaiate;

o = 0.022 mm, R = 12.00 m
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Coherent Synchrotron Radiation (CSR)

Powerful radiation generates energy spread in bends
Energy spread breaks achromatic system
Causes bend-plane emittance growth (short bunch worse)

coherent radiation for A > o bend-plane emittance growth

1 2NCHBM CSR wake is strong at
Js—Re3/24 (8 — SOV NN very small scales ((1 um)




CSR Microbunching® Animation

AE/E [%]
=

* Eirst.observed by M: Borland (ANL)in LCLS: Eleganttracking



..Energy Profile also modulated

Energy distribution (& E/E ;=0.75 27%)

| AE/E vé. zl -7 !gy profile I
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CSR Microbunching Gain VS. /

== ’YEX:O LLm, G E/E—3><10 theory
+ 'yax=0 LLm, G E/E—3><10 trackmg

—_ yex=1 Lm, G E/E—3><10 theory
O 'yex=1 Lm, G E/E—3><10 trackmg
Sy yex=1 Lm, G E/E—3><10 theory
O 'yex=1 LLm, G E/E—3><10 trackmg |

‘cold’ beam

see also E. Saldin, Jan. 02,
and Z. Huang, April 02
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CSR Micro-bunching in LCLS

energy profile

rms=0.113

CSR can amplify
small current —

modulations:

z | inlut! I
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CSR in Chicane (animation through LCLS BC2)
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X-poS

CSR Projected Emittance Growth (simulated)

J.2r
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Energy Spectrum at TTF-FEL (DESY)
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INFN

‘ e PRELIMINARY LAYOUT

] SPARC Project at INFN-LNF @

E=45 MMeV

] [ ] )

| | |

W linac TW linac 1 22 M V
1480 gauss B=1440 gauss e

18t stage bunch
compression without
Ipeak=500 A

bend magnets En0.6 x mm mraa_(SiMulation)

AE/E= + 2.25%
SPARC Project (@

INFN-LNF velocity compression

with no bends ye= 0.6 um

Collab. Among // peak

ENEA-INFN-CNR- A gggg%
Univ. Roma2-ST- .
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Harmonic RF used to Linearize Compression

RF curvature and 2"9-order compression Harmonic RF at decelerating phase corrects
cause current spikes 2"-order and allows unchanged z-distribution

o (EY-1.7596 % (E)=02501 GeV,N, 0.62510") = o= 0.8300 mm o JEFL.761 % [E[=0.2500 GeWN_=0.62510'° 0= 0.8300 mm
: 4 N 0.1
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31 harmonic used at TTF/TESLA

4 harmonic used at LCLS O =l UM A-vand
774 section for

LCLS (22 MV,
11.4 GHz)




Diagnostics: Transverse RF Deflector

0,=20 ym, | . X RF off-axis screen
E =5 GeV, ‘streak’
V,215 MV

single-shot, absolute bunch
transverse RF deflector length measurement

BBl Y resolves
| } ~20-fsec
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RF Input
Coupler

Irises with
mode-locking

BPMS L1289 601 Y

Bunch Length, o {/[mm]

- voltage was
calibrated
with BPM

| | Planned

Bunch Length, o VS RTL Compressor Voliage

also for
TTF at

bunch length
measurements in
the SLAC linac

g.<500 pm
:

1 nC bunch charge
*

34 36 38 40
RTL Compressor Voltage /[MV]

42




Machine Stability Simulations (M. Borland, ANL)

* Track 10° particles with Parmela — Elegant— Genesis
 Repeat 230 times with itter’ in gun, RF, magnets, etc.

* [nclude wakefields and CSR Advanced

‘Source _
Q
% .
3
2 .
ol

| <1°% Provides realistic
I|‘ hl , estimate of

3.2G031.n4 Lir?gt%s(n:n)o . 26 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 Operational
: _ P, stability and
S ‘ | <4% % ||| ~25% verifieS machine
: |‘ Hlllhl I ...... || ||||||||. jltterbUdget



Undulator Beam-Based Alignment (LCLS)

uncorrected undulator trajectory
E=14.4 GeV, RMS True—Xorbit = 501 um O;C > SOO I[,[In

Trajectory

BPM read-back

S/m

- 9Y2=10.6 um, (A9 Y= 81.9° O;C ~ 15 ,Um
beam size:liimpm <A@ ~ 870

y o+ + T 7

+ +
A AR AR S it —'—'——-/_"'h_*.._.i__l_._i' e _T___.‘l'_;__F__.i- S L _-F-.'j:._. o) ...+.--._.i'...' S
+ + + + + +

T BBA also used for TESLA-
FEL: DESY (B. Faatz)

S/m



Resistive-Wall Wakefields in the Undulator

Strong magnetic field in undulator requires small gap...
Need small radius pipe (»=2.5 mm, L, =120 m: LCLS)

Wake changes ‘slice’ energy during
exponential gain regime — more
damaging than incoming ‘chirp’

Courtesy S. Reiche INeed smooth copper: pipe
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Emittance Exchange: Transverse to Longitudinal

system also
compresses
bunch length

M. Cornacchia, P. Emma,
SLAC-PUB-9225, May 2002



Final Comments
For LCLS, slice emittance >1.8 1m will not saturate (TESLA ?)

1.2 mm-mrad
P =P,

1.5 mm-mrad
1.8 mm-mrad .
& =2.0 um
2.1 mm-mrad N —
p P = Py/100

2.4 mm-mrad

Merci
Beaucoup

40 60 80 100 120
z [m]

courtesy S. Reiche

SASE FEL is not forgiving — instead of mild luminosity loss, power nearly
switches OFF

electron beam must meet brightness requirements



