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U Linac-Driven X-ray Sources
= CananXFEL be compact?

= @Give up on coherence for compactness: ICS source
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* Hard x-rays: A~ 1 A, or E.~12 keV

* R&D planar CPMU or SCU (LEAPS initiative): L, = 10 mm, K~ 0.5

— 2 | Au K%Y -
LEe—mec \/ZAR(1+ 2)—3.86e‘

* X-band NClinac at 1 kHz (CERN, CompactLight): G = 65 MV/m

Compact XFEL ?

3. bunch compressor:
increase of the current

electron beam

Constraints on the
average power at the

| grazing incidence will

add several 10’s of

meters length for
hoton transport

1. rf photo-cat

_ Ee
L Lijnac = e 6om

* Injector (+5 m), Compressors (+20 m), Quads (+25 m), Undulator for saturation (+20 | p)
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I—} Lepyrce = 130 —170m
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q | Inverse Compton Scattering

From undulator...  ...tolaser [/\ s
. \

Sl M » | 0=+1/
* A,=10mm — A =1ium, = E,x107? ’ 'O'Q/\/\/\/\/\/\/_'> !

ho,
* K=o.5 — a <1, = E_x1 » Ee = 38 MeV \/%

e X-band NClinac at 1 kHz: G = 65 MV/m
L =10 —15m
* Injector (+5 m), Quadrupoles (+5 m) » source

> Peak flux ino.12% bw, X ~10°

» Longitudinal coherence, bw x ~ 5o

» Transverse coherence, <o0.1keV
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 Electron Beam Brightness for ICS
= Photon brilliance, e-beam brightness

= High average brightness e-sources
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Peak Brilliance = 6-D photon density:

B

dN, /dt

YT An?3,3,, 5%, Aw/w

-

Xy =

Photon Brilliance

Effective radiation size (at IP)

02, +o2, = J(ﬂe)u,e+<ﬁe)u,L

J

62, +02, = J<e/ﬂ>u,e+<s/ﬁ)u,L

It is maximized by laser-electrons optical matching, at the laser diffraction limit:

1

_ (dNy/dt
By B (Aw/w

)

AL

ochﬁu 1

dt &, A%

Ie

2
o¢ AL

Average brilliance:
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Both are proportional to the
charge density in phase space
(e-beam brightness)

B, =B, Xdt X f,

l

2
0. 1
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Elettra ' ICS does not need high
q Paaoirone Pea k Bri g htness | (no amplification)

9-D normalized beam brightness

10" 9
; oTE‘ 1  single-spike 5
Bsp = 2 : 5
Eﬂ.,mﬁn,y ~ i o
#1074 MeVU g
()] w/ rf bunching , g
Matching to laser params is not an issue: = SW'SS.FEtCLS S
]
)] MeV UEM ELe®
A =1pum EE) ¢, = 1/(4m) = 0.08 um rad S 10 I = Auliim
© LASH |
e =~ 50 MeV ‘ Ene = BzVEe = 8umrad 8
g 1015 o = : | ®
We guess &, .~ 0.5 pm rad at Q ~ 100 pC, 2 Using slice emiftance | = EEsi®
. Q Il O wapr I, '
Bx~ 10 mm at IP: & o Ml flux*
Oue@IP = \[Buen/y ~7 um i 100 1000

beam charge (pC)
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e e Thermoionic Gun
Trieste T. Asaka et al., PRAB 20 (2017)

CourtesyT. Shintake, FEL'12

500-kV 238-MHz L-band rf cavity L-band
thermionic gun subharmonic buncher accelerating
Beam chopper 476-MHz (alternative
booster cavity
Collimator Slit | gpm BPM
[ CTSCM CT SCM

i ?" ﬁﬁ, il

: Magnetic | Magne Magnetic | i

Smg|e agnetic lens agnetnc lens agnetic lens Geumagnetlc_ Quadr: .
correction coils B _

crystal CeB6. | | .

Tm 2m 5m

Q<a1nC |~25A
€,<1um
f, <60 Hz

Scaling to kHz and
above ?
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q gliﬁz[rrgtrone D C P h OtO | nJ e CtO I C. Gulliford et al., PRST-AB 16 (2013)

A ™
2™ Solenoid Bunchir cavity 1* Solenoid

st L BPM | !
= = : ] { ;-

[ NC-PC plus Buncher (Cornell Univ.)
= DCgun with GaAs cathode

Viewscreen

= <|>~10'smA, ~10 MeV, <o MHz

= Upto8opC, ~0.3umrad

im 6m 5m H/V Correctors F=
. : : H/V Correctors = | H/V Correctors
= g-cell SClinac | :
im
0.05 .., S SIS, SN S S E L B R T ) 1.0,‘104 —— T
[ = 300K + )
. . - | e 90K ¥ 4 ]
» QE increased & emittance [ el i e ok
2 :
reduced at cryo-temperatures £ AL | B1.0x10+ |
€002} Pt . L . . %
- I '§ ,/',g'/ €,=0.274£0.006 pm/mm rms | o y >
» R&D required for 100’s of pC Bl T ] | 7% 5w \ ﬁ
L # ; . 90K >
:"" | S S S [ TR VI Ty ; - : : | 9 .; .
bunCh Charge 00 o.é)s 0.1 0.115 0.2 1'0“06500 T eso 700 750 800
Laser spot size (mm) Wavelength (nm)

L. Cultrera et al., PRSTAB 18 (2015)
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 NC-PC plus SC-RF (Peking Univ.)

= 3.5-cell DC gun with Cs,Te cathode E -

= <I>~1mA, ~3MeV, <27 MHz

= Uptoa1oopC, ~1umrad
= SC-RFat2K

» Increased complexity

» R&D required for 100’s of pC bunch
charge and low emittance

norm. trans. emittance [mm mrad]

cccccccccccc
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SR-RF Photoinjector

emittHVVx
emittHWy

- ASTRA, 2.8 mm spot 15 MV/m
| —— ASTRA, 2.8 mm spot 18 MV/m
| ——ASTRA, 5.2 mm spot 18 MV/m

Y P |
10 100

bunch charge [pC]

1000

Courtesy S. Huang, FEL'17

In A. Arnold & J. Teichert,
PRST-AB 14 (2011)
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d NC RF Gun (APEX@LBNL)

= 1(2)-cell CW-RF gun with Cs,Te cathode

" <|>~0.2mA, <2 MeV, 1 MHz

" |=5-25A, upto100’s of pC, ~ 0.4 um rad

= icMeViniom

2.5 .
x 20pC +
_ 100 pC -
4 ‘ € = 1.0 ym/mm 300pC  #
2+ n .
P ®
— ¥ %
£15 3
£ 1 .
— i 100 pC
[ | t ®
D 4L + . " S
7 %
* >
% 20pC A~
05F R
a2
ooty T+ e A
0

0 0.1 02 03 04 05 06 07 08 09
emitx (mm-mrad)
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NC-RF Photoinjector

Courtesy C. Mitchell & F. Sannibale, FEL'17

APEX-2 Vacuum

Cathode
Load-Lock

Vessel
Cathode &
¥ Bucking Coil

Solenoid
Plenum with
NEG Modules

RF Couple|

RF
Window

Vacuum End
Wall Removed

1.481

1.3}

for Clarnity

3 Layout1 + |
* Layout2 + ||
1 Layout 3 +
»

Hy

3

#+

A

short % long
,

056 058 06 062 064 066 068 0.7 072 074

emitx (mm-mrad)
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<<

Technical Complexity

Overview

SC
NC

DC

—
Matching Param

150 9001

OHSAS 18001
BUREAU VERITAS
Certification

RS

Robustness of
operation
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Brightness [A / (mm? mrad?)]

APEX2 design
23b .
SCRF design
A. Arnold & J. Teichert, PRST-AB 14 (2011)
14 III L] L] IIIIIII L] L] IIIIIII L] 1 1T rTrrnj L] L] 1T rrny L] L] T T rrrr
- [1] FZD 1.3 GHz (1.0 nC) [13] JLAB DC (133 pC) *
T (1~few na) [2] FZD 1.3 GHz { 77 pC) [14] AES / JLAB DC (133 pC) | 7
[3] BNL 703 MHz (5.0 nC) [15] Cornell DC (77 pC)
12 [4] BML 703 MHz (1.4 nC) [16] Daresbury DC (80 pC) =
[5] HZB 1.3 GHz { 77 pC) [17] ELBE therm. DC (77 pC)*
] [6] PKU 1.3 GHz (0.1 nC) [18] BINP therm. DC (1.7 nC)” | 7
[T]1 NP3 500 MHz (1.0 nC) i nci*
10 A [8] WIFEL 200 MHz (0.2 nC) || [20] Boeing NCRF (4.75 nC)® | =
[9] BNL 112 MHz (5.0 nC) [21] LANL NCRF (3 nC)
[10] PB/NB 1.3 GHz (1 nC) [22] PITZ NCRF (1 nC)* 1
8 DC @ SACLA [11] HZB Hybrid 1.3 GHz [23] LCLS NCRF (1 nC)*
*measured data
- .
6 — —
B (-fewna)
4 B SRFguns 2] 7
4| [ DCguns B
NCRF guns
> B g ] |
i 27 1
B=" o @E
0 T En._xgn,y - g - =
III L] L] IIIIIII L] L] IIIIIII L] T IIIIIII L] L] IIIIIII L] L] mrrrr
0.01 0.1 1 10 100
Average Current [mA]
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 Other ideas for compact X-ray sources
= SR-ICS (ref. M. Dierolf et al.)
= FEL-ICS (ref M. Placidi et al.)
» FEL-HHG (ref R. Hajimaetal.)
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ICS driven by a desktop-size storage ring + optical cavity:

* f,=65MHz (refilled at 25 Hz) * Stable, reliable
+ e-beam: 250-500 pC, 25-45 MeV, 50 ps, 45 um@IP * Limited tuneability of e-beam
_ parameters
* Selected photon energies Eggl et al., JSR 23 (2016)
. X-rgy spectn:a at 15,'25, and '35 keV '
o s 15 keV
| =— 25 keV
— 35 keV H
0.8 ‘r
EO.G-
3-5 % bandwidth
lyncean : 2 ~10%° ph/SEC
Courtesy of M. Dierolf N P 2R 2 Y1 e @ 65 MHz
FOOTPRINT : -6 x20m?2 ] *v =+ @ & &5 w =

X-ray enerqy [keV]

Certification
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q FEL-ICS: Concept

 ICS driven by UV FEL: more convenient electron energy scaling > compactness'!

Certification

Scattered Photon Energy scales as
the square of the electron Energy
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a,=2hcl(1+a’)
a,=93.4B[T] 1 [m]

Scattered Photon Energy scales as
the 4t power of the electron Energy
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q FEL-ICS: Footprint

M. Placidi et al.,

UV radiation L . UV focusing High-energy gamma rays NIM A 855 (2017)
~ e-
@ ® ®© © | :\'E\ 7/ —)- -——=)
All X-Band Linac / -4_§.D ¢
e-focusing . dump Matching @ e

optics

\

Return Arc
Compressor

FOOTPRINT : ~ 4 (10) X 20 (50) m?

 Electron bunches (train of ?) from an all X-band Linac @ 1 kHz

[ Peak current increased in a return arc compressor to drive a SASE UV FEL

4 ICS of UV on trailing e-bunches. ICS and UV self-synchronized.

1 e- and UV focusing optimize ICS luminosity via overlap and matching at IP
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Eph incident [eV]
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FEL-ICS: Pros and Cons

Certification

= Complexity:

 Undulator

* Arccompressor

* UV focusing
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= Shorter linac at any given A,
@ = Self-synchronized UV also available
= NetgainatE,>g50MeV &Il >100A
= 10's of keV — MeV photon energy
10° :
| I FEL-ICS
----- UV FEL H —|CS
— | aser 2 T Ly
; 10° e
g _ e
J > | o ®
J % ! =
; £ 10 .
5 i FEL-ICS wins for
'c' 5 s 1
y 4 H :'/ : Eph 2 10 kev
e 10°7 !
i 1
I
éO 4‘0 60 8I0 100 120 140 0 . : . . . . | .
& MeV] 10 20 Y40 60 80 100 120 140
b E [MeV]

dN, /it

10" —— . . . .
@ 1 kHz
===FEL-ICS 0.1%bw FEL-ICS has
] —ICS 0.1%b
L TR == reeniiy lower total
? flux, but
i narrow bw
______________ i
107 Lammmenr - ]
10° ' ' ' ' ' '
50 100 150 200 250 300 350 400
| [A]

simone.dimitri@elettra.eu 17



q FEL-HHG: Performance

FEL pulse [
Seeded FEL + T
seed laser pulse . . —h
/N O ptlcal CaV|ty Hi
seed laser e "i.'.‘ih‘i\'-.‘iﬁ."i.‘:;-";—I. - ) 'I'.-I:II” !
IR r,rr'f
I-----..--.._ infrared
electron beam - v ""_‘—‘F—E-I-_-——— — WM._.

undulator

laser cavity

* Electrons: 5o-100 MeV, 100 pC, 300A, 2 MHz
= Seedinglaser: >4 um, 2-cycles, 3 mJ

R. Hajima & R. Nagai, PRL 119 (2017)
R. Hajima, FLS18

HHG, also sub-fs

UV or X-ray

=

= MIR-FEL: ~ 0.1 mJ pulse energy, 6 um, few cycles, CEP-stabilized

~10% ph/pulse/o.1%bw @ 1-10 keV
~10'° ph/sec/0.1%bw @ 1-10 keV
(sub-)fs pulse duration possible
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FOOTPRINT :
~ 5 (10) x 20 (50) m?
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q Final Remarks

1 Guns ~available for high average e-brightness. Up to ~100’s pC @ MHz conceivable

=  Transverse coherence:

* 1keV-->gonmrad @ 250 MeV, <10 pC @ k/MHz
 1keV-->gnmrad @ 25 MeV, <1 pC @ k/MHz

T

1 NC RF technology (C-/ X-band) moving towards 1 kHz.

L

 Schemes for high rep. rate (SR-ICS), high photon energy
(FEL-ICS) and ultra-short pulses (FEL-HHG) available.

= Niche forICS sources: > 10 keV tuneable, < ps, kHz—MHz

Certification
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ph/(s.mrad?. mm?. 0.1% bw)

1018 a

1014

1010 —

106 |

M. Jacquet, NIM B (2014)

- Undulators A

ESRFID 17 CES
Biomedical line | TP
cUlMol WI

X-ray tubes/\
At A iilil szl A a azazal 2 LJL:L
102 0.1 1 10 100

Photon energy, KeV Ll

10-100 KeV
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Thank you for Your attention
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Courtesy |. Bazarov
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Q e.g., Q=100pC, E+>30 MV/m

=>r~100's um

Ef| , ,€.9. Ef>30MV/m, 0.15GHz

e-Beam Emittance

X o7 x 1/07

2 _ o2 2 2 2 2
€tot = €cathOr + grf + Echrom + Enlsc

<o b

~0.3um/mm <o.1pum <1 um ~0.6 um
(thermal) (S/L-band) (1 nC)

~0.6 um/mm
(effective)

Err X 0,0
T fr T =0,0,~0.3mmx1mm
2 2 —
oyro5 €.9., Bsol_ 1T, o, ~ 0.3mMm _F Q e.g., F=O-51 Q=100pC
Echrom & 0% Enlsc = 2
fsoo =05 <17 00, =>G,0,~ 0.3MMmM X1mm
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