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Some existing superconducting FELs

Frequency Energy Current Emittance | Wavelength e
(MHz) (MeV) (mA) | (mm mrad) (um) P
JAEA-FEL 5.2-40
500 17 40 22 FEL, ERL
Japan (pulsed)
JLAB-FEL 1-6
1500 120 5-10 4 FEL, ERL
USA + UV(soon)
ELBE
1300 12-40 1 mA 20 2-10 FEL
Germany
S-DALINAC
3000 130 0.06 2.5-7 FEL, ERL
Germany
SCA, USA 1300 40-50 0.15 1-2 FEL,ERL
PR AR 1300 30 1-5 <20 5-10 FEL
(under constr.)
FLASH _
1300 1000 mA 3 (?) >6.5nm SASE
Germany (pulsed) so far FEL

J. Knobloch, SRF 2007 2



JAEA FEL

Demonstrator IR FEL for industrial material treatment (e.g., against stress corrosion cracking)

Configuration in 2001
® Pulsed operation: 1% DF (10 Hz x 1 ms x 10.4 MHz) due to available cryopower & radiation shielding

Upgrade JAEA in 2002 for ERL mode

Increased microbunch rep rate to 20.8 MHz (8 mA) + 50 kW IOTs for injector
->FEL efficiency increased to 2.8 %

Beam power =136 kW - 700 W FEL power (including extraction efficiency)

2.5MeV Injector

v ",_AHF'"”"”' i
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Superconducting Cavities for JAEA-FEL

Superconducting 500 MHz system operating at 4.2 K

E..c =5 MV/m

Refrigerator is part of the cryostat: Q, = 2E9 > CW losses of order 100 Watt
Variable input coupling, from 10° to 10 & CW ERL operation theoretically possible
Three HOM couplers

HOM Measurements/calculations + BBU simulations - BBU limit at about 3 A
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K refrigerator
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HOM Coupler (TM-type)
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JLAB IR FEL Demonstrator

——

RF Paower Draw vs Beam Current

10mAER 24mAER 3ImMAER 315mAER

J. Knobloch, SRF 2007 G. Neil et al., Jefferson Lab




JLAB ERL-FEL Upgrade
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ELBE @ Forschungszentrum Dresden-Rossendorf
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Full user facility, in operation since 2002

Operates two FELs in the IR

Also provide different beams for neutron production, positron production, bremstrahlung
and x-radiation.

® For latter need ultra-low emittance beam
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ELBE @ Forschungszentrum Dresden-Rossendorf
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Future FEL Projects

Frequen | Energy Current Emittance
cy (MHz) | (GeV) (MA) (mmmrad) | ‘vavelength | Type
European XFEL . -
> 1300 20 1-1 Bemg Built X ray SASE-FEL
Germany
4GLS
1300 (?) | 0.6 100 c@inc | YOV:SOX e FEL
UK ray
BESSY
1300 2.3 0.075 b >5nc/inc ray FEL
Germany o
Arc-en-Ciel, 1300 3 1-100 12@1nc | YOV SOMX T enl FEL
France ray
Wisconsin FEL, VUV, Soft X
Uen 1300 2.2 1 <1 @ 0.2 pC oy FEL
FLS, LBNL 1500
2.5 ? v ? VUV, X ray FEL
USA (1300?)
POLFEL .
1300 0.6 B uv SASE-FEL
Soland White paper

J. Knobloch, SRF 2007 9



@ESSY VUV-Soft X-ray FELs: The , egg-laying full-milk woolly sows*

What do these FELs have in common? The are designed to do everything!

 Many users

* Resonable cost

 Cover UV to Xray range

* Independent control of wavelength

* Independent control of pulse duration, polarization

* Reproducible spectra, pulse profile etc...

- Ultra-short fs pulses, pump-probe capabilities etc. ~Seeded System + Var. Gap undulator

« High average flux >CW Linac Super-duper __/m —7 ©
precise be
distribution --/m —f7©

Most of the proposals use this layout

E:w Injecto% [B;'::,: f;’;f;ﬁfj;ﬁ/} [ That Linac Thing

Super-duper
Synchro-box

J. Knobloch, SRF 2007 Based on a slide from J. Byrd, LBNL 10




@ESSY University of Wisconsin FEL
UV
Hall

I njector
laser

UoITezIuo Jyouis yul| Bqi4

—

*All undulatorsoperate
simultaneously at repetition rate up to
1 MHz each.

*Total number of undulators set by X _r ay

budget. H al I

*Facility lasersand RF components
synchronized to ~10fs.

Master laser oscillator Fiber link synchronization

J. Knobloch, SRF 2007 Courtesy Joseph Bisognano, U-Wisconsin 11




BESSY FEL

Proposal for the Construction
of a Cascaded HGHG FEL

325 MeV 40-70 nm

PHOTOCATHODE LASER coloner o PEEREASER  yemesTace1 eTacE:Z

%/ SOV Y LYY YY Y TV AA A A A A A W
SAAAMAAAS SAAAAANAAS O S AAAAAAAN = — | L
oUN FRESH BUNCH &

ACC:MODULE 1  MODULE2  8rd MODULE 2 COLLIMATOR +  GHICANE
HARMONIC DIAGNOSTICS

® Technical design report completed in 2004

® Evaluated by the German Science Council 2006
® Recommendation: Realize BESSY FEL under condition that cascaded HGHG be demonstrated

® 2006: Development of an HGHG demonstrator (STARS)

J. Knobloch, SRF 2007




FEL Schemes

® Foruvix ray lasers cannot use , optical cavity”
® 5 Seed machines and use relatively long undulators for single-pass amplification
® Seed lasers at the desired wavelength do not exist

- must ,upconvert”

High-Gain-Harmonic Generation (HGHG)

High-Brilliance electron beam (Emittance < 2 um)
Very short pulse seed laser (< 100 fs), e.g. Ti:Sa or HHG Laser

I

L ;r ﬂ"
|

®» /Tl

External seed, w, Chicane converts the Modulated part of the bunch
overlaps the bunch energy modulation radiates coherently at a harmonic
and modulates the into a spatial of the seed laser

energy bunching Limited to about n < 5.

J. Knobloch, SRF 2007 Developed by L.-H. Yu et al, Brookhaven




Seeding

¢ Key advantage of seeding: Output-pulse properties Eﬁﬂ
determined by seed laser not the electron bunch! i ' ' ik
- Spectrum and pulse shape is reproducible (not so with 655 .
SASE) " [ -
- Each beamline can be seeded differently = Flexibility! E 50
- L .
® But seeding is challenging! %‘0 645| |
o . o . .
Very precise beam timing (and position) control is S
needed, because of chirped beam (< 100fs) = 40| ]
® Beam ,quality” must be constant along the bunch. g
£ 635
® SFEL Output critically depends on the performance of 8
the SRF linac E3ﬂ -
® Need alow emittance injector 625
® Need third harmonic cavities to linearize RF I
® Need very precise RF controls of the cavities 620 |
® Order 0.02 deg, 0.02% :
o 404

Need very precise timing distribution system

J. Knobloch, SRF 2007




Linac for VUV-Soft X-ray FELSs

Gun Injectar 215 Mel L1 485 Mev L
2 Modules 2 Modules 11 Modules
]} 1.7 GeY
_— | e /| — A
f=-21.45 deg Flgs = fi =0 deg Flgg = S Een
IEEgDpE -E??Emm s -1 T-?Emm
Paraholic 3.9 GHz Cavities (3] e o2
g.=0.4 mm 20 b
175 deq

Wisconsin FEL
J. Bisognano, PACO7
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CW Injector

¢ Development of CW capable low emittance injectors a high priority

[
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Main Linac

Gur Injectar 215 Mey L1 485 Mey L

2 Modules 2 Modules 11 Modules
) } 1.7 GeV

] e [ —  s1ka

fh=-21 45 deqg R = =0 deg Fa: = = +33 deg
IEEEDDF].E -Ei?amm g -1 ??Emrn
Paraholic 3.9 GHz Cavities (5) fr sl 0, = 20 zm Wisconsin FEL
g, = 0.4 mm 12?95&:%# J. Bisognano, PACO7
&

® Al proposals discussed here rely on existing SRF technology
® Cost: New development prohibitively expensive
Experience: Existing technology has already proven its worth

J. Knobloch, SRF 2007



Where are we today?
Cornell RF control test (IV)

=1} Cornell University

o, /A =110 "

- Q; = 1.2-10%, 5.5 mA beam current

0 0.2 0.4 0.6 0.8
time [sec]

G, = 0.02 deg
1 () prtpiiisidynsenmimebeyip et Pyt snfiyioiy

E
=
=,
S
D
e
o
=
—
4y
—
@
(]
4w

12.5 Hz BW

11

—
=
o

phase [deg]

-
©o

_ Q, = 1.2*103, 5.5 mA beam current
0 0.2 4 | 08

Matthias Liepe
ERL 2005 Workshop

7 March 2005




CW operation issues for TESLA technology

® TESLA technology: Designed for high-power pulsed operation

® cCertain changes are required for CW operation  |nput couplers
« Adjustibility?

Cryogenics « Average-power (SW) capability
* CW loads!! (4 kW cryoplants)

» Bath temperature
* LHe distribution in module/linac
» Pressure stability

RF Control
» Exacting amplitude & phase control
* Flexibility and programmability

RF Sources

« Efficient

e Low cost

» Reliable

* Typically in the 20 kW CW range

Cavity tuner

: Cavities

. Rellgble — _ - « Operating field

. Des_lgn tC_J minimize mICVOIOhOFH_CS « Maximum quality factor? Improve magnetic shielding?
* Active microphonic compensation « HOM Dampers — quenches during CW operation

J. Knobloch, SRF 2007




CW SRF R&D @ BESSY

® LoBicaT Facility

Testing of 2 fully equipped TESLA
cavities

® 30w @ 1.8 K cryogenics

IOT + klystron transmitters for RF
source development

J. Knobloch, SRF 2007




Power dissipation in CW TESLA cavities

® Because of CW operation and size of cryogenic installation
® Highest quality factors are critical, not highest gradient

3.5E+10
i Complete TESLA unit
30e+10 | ® o
i o
= i ° Potential 40% savings
c_:cg 2.5E+10 | e [ncryopower (around 1.2 kW!)
o i o
= i
> 20E+10 | °
© * o
? o
15E+10 | @ 0
i Planned operating point of
| many FELs
1.0E+10 —
15 1.6 1.7 1.8 1.9 2.0

Bath temperature (K)
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Power extraction from TESLA cavities

¢ Large dynamic losses must be extracted from the helium tank
¢ Theory predicts a ,,boiling“ limit in the chimney of 1.5 W/cm?
® Measurements confirm this with TESLA cavities: - 7
® 20 MV/m operation barely possible S e e o
. . 50 | . Liquid helium level (%) 120 €
® Modified the chimney to accomodate larger losses prmen— Y s ————— %
% 1.4 ;
12 %
5
. 1.0 T
Chimney heat flux Chimney heat flux ]
(RF measurements + heater power) (gHe flow measurements) ]
- T3
0:00 0:30 1:00 1:30 2:00 2:30
Time

J. Knobloch, SRF 2007




Heating at the HOM pickup

¢ Reported at last SRF WS:

® Howm pickups problemematic for CW

¢ Pickup , sees” small part of accelerating field
->Tip heats up alittle (<< 1 W)

® But: Cooling of tip is only via the ceramic feedthrough
—>Thermal bottleneck can cause thermal runaway

¢ Solution—improve cooling of inner conductor with
sapphire

7.25 | . 60

| Feedthrough temperatures

6.75 | 1 50

Tuner side

o
N
a

Coupler side ] 40

1 30

[ HOM hat temperatures

Temperature (K)
)]
~
(&)]

1 20

o
N
a

Accelerating Field (MV/m)

Accelerating field

4.75 | { 10

425 i e o T
0:00 0:30 1:00 1:30 2:00 2:30 3:00
Time (hr)
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@ESSY RF Stability in SRF cavities

e .. Poster TUP40 by Wolfgang Anders (BESSY)
- ,,CW Operation of TESLA Cavities“

® Jit o 7
¢ Many potential sources of jitter = analyze these in HoBiCaT

* v poster WEP58 by 0. Kugeler (BESSY)
»runer Characterization

0 =

Talk by A. Neumann (BESSY) Wednesday AM

g v ,Compensation of Microphonics* o
L Laka 10 AT
« e Poster WEP56 by A. Neumann (BESSY)
u »LINAC RF Control Simulations“ v

J. Knobloch, SRF 2007



3rd harmonic cavities
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3rd Harmonic System

N. Solyak et. al, FNAL

¢ Deve

o See Poster by E. Harms (FNAL)
* Soi WEP41

¢ Insta

® Ccw DEVELOPMENT STILL NEEDED
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Thank you

® Thank you to all the people who supplied information

® George Neil, JLAB

® Joe Preble, JLAB

® Marie-Emanuelle Couprie, Soleil

® Matthias Liepe, Cornell

® John Byrd, LBNL

® P. Michel, FZ Dresden-Rossendorf
® J. Teichert, FZ Dresden-Rossendorf
® Joseph Bisognano, U. Wisconsin

® Nobuyuki Nishimori, JAEA

® Ralf Eichhorn, TU-Darmstadt

J. Knobloch, SRF 2007




hE” ictributi imi !
; #% :Stable Distribution of Timing Signals
. DESY-MIT Collaboration

. . PZT-based
Fiber laser oscillator fiber

locked to microwave oscillator 50-50 stretcher SMF link

isolator coupler 1-3km
E Q
Q? Faraday
Ise

.

Compare forward and _
RF-lock Signal partially reflected I

reverse signals for .
feedback b}" mixers

+ Test done at accelerator environment (MIT Bates Laboratory)
— Locked EDFL to Bates master oscillator
— Transmitted pulses through 400 meters fiber link
— Close loop on fiber length feedback (12-fs in-loop jitter [0.1Hz,5kHZ])
A. Winter et al., Paper FROAQ002, FEL 2005.

Test done at the installed fiber underground (NIST/JILA)
— Transmitted pulse train via a 7-km fiber link between NIST and JILA
— 19-fs relative jitter between two locations [1 Hz, 46.5MH2Z]

D. Hudson et al, OL 31, 1951 (2006).
W.S. Graves, Madison WI, Oct 2006 13



Arc-en-Ciel Project

200-0.2 nm
CHG ~nnne
user
3 GeV _ stations
DNAN D tasen ) —:)
i cryomodules 1 GeV 200 - 0.5 nm
= paEmmEl O
I LE
Inj BN B .
Injector

undulators LEL2

® ror cost-optimization, use recirculating linac
- Impacts the linac cavities
- Consider BBU
- Consider HOMs

¢ Develop Arc-en-Ciel in Stages

J. Knobloch, SRF 2007




Future Light Source at LBNL

- . Recirculating

“1 a refined

' RF phoetocathede gun preduces

linac provides a platform for
rce of ultpfst x-ray pulses

elength,

ded,

+ Aceelerate in multiple passes th

+ 1-3 GeV beam generates x-rays
10-100 f= duration

+ Compacet (~ 150 x 50 m)
' Flexible configuration

- Each pass provides
epportunities for

* Manipulation of the
electren beam

* Photon preduction
- Variable repetition re

- Energy recovery eoption

- Recirculating LINAC for the FEL was apparantly not technically convincing
- Political issues got in the way _ John Byrd, UEBWL, 2004

J. Knobloch, SRF 2007
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Arc-en-Ciel Project

X undulators
- Al T R I T

200 -0.2 nm

A

CHG ~nrnee
user
3 GeV stations
------ [ / LEL4 £ )
‘ : | . - HEREE- T
] £
I'lri -

VUV undulator

cryomodules

njectors undulators LEL2

® For cost-optimization, use recirculating linac + ERL option (100 mA)
—>Consider HOMs

>Consider BBU } Significant impact on the SRF system

® No significant development of the linac/SRF so far
® No clear signals on funding/time line

J. Knobloch, SRF 2007




“2M0m ~20m
‘—

POLFEL

| Cryogenic plant-- S00W @ 1K

-
- ‘!
v

i - Additional umnits
‘ - Not to scale!
[S0W @ 2K | [100W @ 2K| SOW () 2K SOW @ 2K
Bunch Bunch Photon production:
CONIPTessor compressor undulator, resonator
-

SEF-mun

Uit 1

P=SkW
I

P=120kW
I

Laser iradiating
photocathode

1-2W
=

@ 3=213 nm?

AN

I Unit2 Unit 3
l 1| P=120EW P=120 kKW
! T T
Beam :
dump ||
Bunch parameters

q~InC g~ prad o ~0.3 mm E~ 125 MeV

Bunch parameters:
g~ 1nC, e~1 yrad, o~ 1 mm, E~ 125 MeV

e
SASE \

q~1nC, £ ~1 prad, g ~ 0.08 mm, E~ 600 MeV

Bunch parameters

gq~1nC.e~1

Bunch parameters:
urad, ¢ ~ 0.3 pum_ E = 600 MeV

AN vy

J. Knobloch, SRF 2007

Acceleration and compression |
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| Photon production; FEL processes |




CW Injector

Development of CW capable low emittance injectors a high priority

SRF System appears most promising at present
Rossendorf system in the most advanced stage “\
But other systems also being developed 6@* "

Even DC systems may be possible, especially f~ 0“
bunch charge and high-rep rate e w
Q 1

1C
__ A VoY

RF applied this month
E. =5 MV/m achieved so far

acce
More results and beam soon

s GaAs cathoae, wiralow emuittance (<0.1
: N\ um) predicted, up to 100 mA average
| Lead current 2h

Epk = 18 MV/m

T

J. Knobloch, SRF 2007 BRI, BESSY,|INESY]MB] StilapbBratanU. Lodz, Stanford ... 34




Components of VUV-Soft X-ray FELSs

Super—duper Bunch compression/ . .
[ Injector } [beam manipulation That ~2 GeV SC Linac Thing

Super-duper
Synchro-box

COOOOOOOOOO

J. Knobloch, SRF 2007




Seeded high-gain harmonic generation

® Foruvix ray lasers cannot use , optical cavity”
® 5 Seed machines and use relatively long undulators for single-pass amplification
® Seed lasers at the desired wavelength do not exist

- must ,upconvert”

High-Gain-Harmonic Generation (HGHG)

High-Brilliance electron beam (Emittance < 2 um)
Very short pulse seed laser (< 100 fs), e.g. Ti:Sa or HHG Laser

I

xgraras
L

® /T

External seed, w, Chicane converts the Modulated part of the bunch
overlaps the bunch energy modulation radiates coherently at a harmonic
and modulates the into a spatial of the seed laser

energy bunching Limited to about n < 5.

J. Knobloch, SRF 2007 Developed by L.-H. Yu et al, Brookhaven




Cascading HGHG

® To reach even shorter wavelengths, can cascade HGHG stages
® Include an additional delay between stages to select a new , fresh” part of the bunch for
subsequent stages

¢ E.g., to reach 1 nm need about 4 stages

Fresh-bunch delay

D — Stage 1 —_— D S Stage 2 —_—
A (m*n)

# -

J. Knobloch, SRF 2007




Seeding

Key advantage of seeding: Output-pulse properties
determined by seed laser not the electron bunch!

- Spectrum and pulse shape is reproducible (not so with
SASE)

- Each beamline can be seeded differently = Flexibility!

But seeding is challenging!

® Very precise beam timing (and position) control is
needed, because of chirped beam (< 100fs)

® Beam ,quality” must be constant along the bunch.

- Need third harmonic cavities to linearize RF

-> Need very precise RF controls of the cavities
® Order 0.02 deg, 0.02%

- Need very precise timing distribution system

- FEL Output critically depends on the performance of
the SRF linac

J. Knobloch, SRF 2007
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Cornell University
Laboratory for Elementary-Particle Ph V5ics 75 0 k F\,‘ Gun

Max capabilities:

750 KV

100 mA

Cathode
Entry

Laser in

Electron beam out

August 3, 2007 B. Dunham, August 3, 2007 6




