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Smart*Light (hard X-rays) and ColdLight (soft X-rays)
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X-ray generation by Inverse Compton Scattering

. : : P
J = 1+ X-rays emitted in narrow cone, half angle y
X ( ,Q q ) * 1% energy spread if 6 < 0.1 y*
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X-ray generation by Inverse Compton Scattering

Laser wavelength I0 =500 nm

Electron Lorentz X-ray X-ray Half cone angle
energy factor wavelength energy 1% energy spread

_ Io (1+,02672) * X-rays emitted in narrow cone, half angle y?!
x 492 * 1% energy spread if 6 < 0.1y
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X-ray generation by Inverse Compton Scattering

laser
electron < 0

X-ray@photonBhumbererpulse:?

X 2 2
2p(si+s;)
1030 nm, 200 m!J laser: N »10'®
° = N_<N, ~10°-10°
laser spot size: S,35mm

<1X-rayBhotonper@lectronl

9 Uppsala Oct 2019

TU/e



ICS X-ray brilliance

| aser
elect ron ~ A/ °

X-ray@photon#lu :&
_ STNONefr

= P
2p(s2+s,)’

X

1030 nm, 200 mJ, 1 kHz f = 10° P F_~10"-10" ph/s

100-bunch burst mode
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ICS X-ray brilliance

electron
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ncean# ICS sources: Lyncean

first commercial ICS source

5 mm

e otron Hard X-ray phase-contrast imaging with phase-contrast image
Radiation the Compact Light Source based on inverse
ISSN 0909-0495 COmptOl‘I X-rays
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10.,@® /¢ ICSBources:EThomX[l

being@ommissionedP!

. m Laser + @
4-mirrors T
¢ FP cavity

Injection & Extraction

L)

S

a ’f\
= 4

Transfer line
(transport and diags)

Ring (20 mA)

RF & Feedbacks

Laser /Cavity system

e Pulsed laser: ps, ~ 1W average

users
e Optical fiber amplification
R - ey i ~ (100 W) 2-3 W/pulse
Accelerating section 50-70 MeV ° Optlcal FP CaVity amplification
Injector + Linac Electron gun + (gain 10000)
(50 nA) # 1 MW stored inside the cavity

Electron machine # (20-30 mJ/pulse)
e 1nC/bunch, 50 Hz inj. freq. X-ray beam
* 50-70 MeV Flux 1013
e Ring, 20 MHz frep.

8 P Brigthness 101t
* 0.~ 70 um
* &,~ 4mm.mrad Transv. size 70 pm
e t,~ 10-20 ps Ey 20-90 KeV
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Smart*Light: a LINAC-based ICS source
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Smart*Light: a LINAC-based ICS source: why?

<
3m -
7
Solenoid Solenoid Bending
Traveling wave - Traveling wave <
12 GHz accelerator 12 GHz accelerator QQ’ agnet
>25 Mev._ X-ray beam
Adjusted X-band - X-band
Accelerator for Accelerator
100 keV injection from the CLIC project
100 keV DC photogun 100 keV 1 or 3 GHz velocity
10 - 50pC buncher (TMg0) Beam
dump

* Availability X-band accelerator technology (CERN)
* Lower emittance beams = higher X-ray coherence
* Easier alignment, fast change of X-ray energy

* Less radiation
*  No bunker required
»  Will fit into sea container

*  Proven technology, reliability & robustness
*  Modular approach: Swap Guns & Add LINACs
* Upscaling of Photon Flux & X-ray Energy
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Available electron beam line components

Solenoid Solenoid

Traveling wave - Traveling wave
12 GHz accelerator 12 GHz accelerator

>25 MeV
Adjusted X-band - X-band
Accelerator for Accelerator
100 keV injection from the CLIC project
100 keV DC photogun 100 keV 1 or 3 GHz velocity
10 - 50pC buncher (TMg;()

TU/e 100 kV DC photogun TU/e buncher cavity modified CLIC accelerator section
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Smart*Light: a LINAC-based ICS source

Solenoid Solenoid

Traveling wave - Traveling wave
I I 12 GHz accelerator 12 GHz accelerator
FITTITTITTITITITITE  PTTTITTITTITIITITITL >25 MeV
T OT T,
I I Adjusted X-band - X-band
Accelerator for Accelerator
100 keV injection from the CLIC project
100 keV DC photogun 100 keV 1 or 3 GHz velocity
10 - 50pC buncher (TMyo)

First 3 cells shortened and input 1

coupler adjusted for 100 keV
electron injection.

Adjusted output
coupler

First section being manufactured (50 cells now...)
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Detailed design calculations with CLIC team CERN

P
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(Possible) Laser System

Trumpf Dira 200-1

robust, reliable, turn-key
industrial laser

Commercially available, compact, high-power, sub-picosecond, 1030 nm, 200 mJ, @ 1 kHz
With 2" harmonic module: 515 nm, 100 mJ @ 1 kHz

100-bunch burst mode operation using Fabry-Pérot cavity?
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Gun upgrade for 100-bunch burst mode

Emitter |solenoid chop compress

: -@-;----.T

laBg . S
source Point of injection

100 kV thermionic gun

* 1 mm LaBgcrystal @ 1760 K
* 10 MV/m cathode field strength

e 100 mA continuous current
» 70 nm rad thermal emittance
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Gun upgrade for 100-bunch burst mode

Emitter |solenoid chop
.\ P (@] o o (0] 0 |
laBg

source Point of injection

Higher harmonic chopping (and compression...)
30% duty cycle: 70 pC/bunch @ 1.5 GHz B

compress

— PFundamental Thqag mode

— Becond order ThMgog mode

— Sum of maodes

RF cavity: : “\/ \/ \/

Fundamental (1.5 GHz) and
second harmonic (3 GHz) mode
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Gun upgrade for 100-bunch burst mode

Emitter

solenoid chop

=)

compress

1.5

.E:’gw = = e © o o o
laB
souerce Point of injection
time=1e-010 |
0.010
Solenoid olenoid Solenoid
0.005 - i i
> i Aperture
70 pC
-0.005
-ChOPPGV [-] = Buncher 0.6 mm mrad
Cavity Cavity < 2ps
001%% 0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1.0 1.1 1.2 1.3 1.4
=T . Zz
1.5m
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Upscaling to harder X-ray energies

Add SO'Ce” X‘band r‘i' e — mL Fe electron
. . (o sl T energy
sections; run with at e e i
two klystrons. 10
15
20
25
30
35
40
45
24 MW 0-24 MW 50
* * 55
'=|ﬂ 73 MV/m &Hﬂ 73 MV/m i]|=' 2‘5’
« >  30-61 MeV o
L=0.84 e
24 MW 0-12 MW 0-12 MW
v v
-=|ﬂ 73 MV/m &Hﬂ 51.5 MV/m EHE 51.5 MV/m [h=-
L=1.26m
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X-ray energy
[keV] for a 515
nm laser

1,1
4,1
8,9
15,5
24,0
343
46,4
60,4
76,2
93,9
113,4
134.8
158,0
183,0
209.9

30-74 MeV
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Smart*Light estimated performance
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Smart*Light phase 1 in 2020
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ICS calculations

24 MW, 9 = -2.02E-04 (rad) 24 MW, ¢, = 5.50E-07 (m rad)
250 w \ \ 38 -
+ €, =95.50E-07 nmrad 1500
— o =0.72946 keV
36 1180
200 - 1
24 1160
S 1140
[}
150 8 32
3 120 é
o 5
@ 30 100 Nz"’
C ©
100 - | S
2 80
o 28
60
50 - 1 26 40
20
24
0 . : s 0
20 25 30 35 40 -0.02 -0.01 0 0.01 0.02

Energy (keV) 0 (rad)

31 MeV electron beam, 515 nm laser
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Smart*Light estimated performance
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Smart*Light summary

* Smart*Light: Inverse Compton Scattering Source for tunable, monochromatic hard
X-ray beams in a compact setup

* Required accelerator and pulsed laser technology available

* Achievable hard X-ray brilliance several orders of magnitude higher than current lab
sources

* Achievable hard X-ray brilliance at high energies comparable to synchrotron
bending magnet radiation (DUBBLE @ ESRF)

e Construction started; first light expected in 2020, full performance in 2022.
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Inverse Compton Scattering (ICS) soft X-ray source

EUV wavelength

_y 1- bcosq,

1+ beosg,
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Inverse Compton Scattering (ICS) soft X-ray source

rad, ¥ &~ 4.425, 00 = Sum, oy ~ 2.12 x 1073 ¢
I I I

Ao = 1030
EUV wavelength

Io=1; bcosqj i\\ /éé?‘___

+
/

/,=1030 nm

}:> /. =13.5nm
U=1.75 MeV
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Inverse Compton Scattering (ICS) soft X-ray source

* narrowband, easily tunable wavelength

e clean, highly directional
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Inverse Compton Scattering (ICS) soft X-ray source

* narrowband, easily tunable wavelength
e clean, highly directional

BUT:
* limited photon yield due to small Thomson cross section

* |imited spatial coherence due to emittance electron beam
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Spatial coherence: diffraction limited ICS

1000 ;

emittance condition 900 g I\/IeV o
3 . 4.0Mev 24 MeV
e gb = I 4p - 800
4p go
=
£ 700
Inverse Compton Scattering £ 3
1-H 600
I =1=—""
"1+ b
500
400
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Spatial coherence: diffraction limited ICS

1000

HZO // : ’ 5
window 3.0 MeV //' 2.0 MeV

4.0 MeV 2.5 MeV

900
Ultracold electron source
allows generation of 800
diffraction limited EUV beams
by Inverse Compton Scattering E, 700
g

600
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Ultracold atoms

N\ I \ .
Magneto-Optical Trap (MOT)
N < 10" Rb atoms
R=1mm, n<10¥m3

T =100 pK
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Ultracold plasma

Te»lO K, kTe »1 meV

38
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Rb+ 7777777'% Eexc

< 480 nm

5 P
780 nm

5) 81/2

Ionization

Excitation

Killian et al., PRL 83, 4776 (1999)
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Ultracold charged particle beams

N I N I

normalized emittance
(focusability)

Te»lO K, kTe »1 meV

kT
Rb* e e =S ,[—¢
mc

e » 1 nm rad

Claessens et al., PRL 95, 164801 (2005)
\V Taban et al., EPL 91, 46004 (2010)
Engelen et al., Nature Comm. 4, 1693 (2013)
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Electron temperature

Accelerator Magnetic Graphite Detector
: lenses sample Beam

MOT coils boam -

X ] E| ‘ E

sl - e

e |

o X 24 \

Electron energy: 13.2 keV

Van Mourik et al., Struct. Dyn. 1, 034302 (2014) e T
Physics Today, July 2014 Position (mm)
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Electron temperature

Magnetic Graphite Detector
Accelerator sample
: lenses p Beam
MOT coils block =
<, L [ ‘
[ 1 e” | |
| J
: = X
B

Electron energy: 10.8 keV

Van Mourik et al., Struct. Dyn. 1, 034302 (2014) = ]
Physics Today, July 2014 cr g ettt

Position (mm)
TU/e
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Electron temperature

Accelerator Magnetic Saﬁp{lelte Detector IS
: lenses p Beam
MOT coils Beam
i OSSN ‘
|l - Z
d ||
: < <
B

Electron energy: 10.8 keV

Van Mourik et al., Struct. Dyn. 1, 034302 (2014) I R R B
Physics Today, July 2014 Position (mm)
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Electron temperature

43

Temperature (K)

lonization laser wavelength (nm)

Van Mourik et al., Struct. Dyn. 1, 034302 (2014)
Physics Today, July 2014
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New: compact ultracold & ultrafast electron source
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New: compact ultracold & ultrafast electron source

‘ 1

- |

== — '

S o | i
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£
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Universityof '%

Strathclyde
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grating MOT based
diode laser, fiber optics based
compact, turn-key operation
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Laser cooling & magneto-optical trapping of atoms

granng
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Laser cooling & magneto-optical trapping of atoms

-

granng
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Normalized emittance & source temperature

Solenoid waist scan
o

= 30 um

source

€,=1.9nmrad, T=25K

0.25
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480 nm

Oion

Bunch length

Rb™ d e
780 nm E=NE &
Tonization Accelerator exit Self focus Stretching
a b (@ d
Dz Y& D= Pz
z z z Z
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Bunch length

in self-compression point

50

Rb™ d e
780 nm E=NE &
Tonization Accelerator exit Self focus Stretching
a b (¢ d
Dz Y& D= Pz
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Bunch length

in self-compression point

bo
c &
£ £
QO
EOO
=~
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"~ Electrons
Bunch length 10 keV

in self-compression point

lonization
480 nm

0
c £
-
o o
PN
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F Electrons

Ponderomotive 10 keV

Bunch length

in self-compression point

lonization
480 nm

Trapping
780 nm
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Bunch length
in self-compression point

electron beam on detector

Delay = 4 ps Delay = 4 ps

laser off laser on

—t

= 0 pinhole ‘plasma’ measurement
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Bunch length
in self-compression point .
0.4
electron beam on detector Te=3.620.7 ps
Delay =4 ps Delay =4 ps 0.35
El
£ 03
0.25
o _° © ceeo?® °
0270 %° e 4 C o g ° e
—75 —50 —25 0 25 50 75
Delay (ps)
laser off laser on
_ , , pulse length < 4 ps
t = 0 pinhole ‘plasma’ measurement
TU/e
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New: compact ultracold & ultrafast electron source

T.=10 K, €,.*1 nm rad, 10 keV

mm;m, i - e ~103 electrons/bunch @ 1 kHz

T .

e

* <4 psbunch length

e grating MOT based
* diode laser, fiber optics based

* compact, turn-key operation
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New: compact ultracold & ultrafast electron source

 T,=10K, €,1 nm rad, 10 keV
e ~103 electrons/bunch @ 1 kHz

* <4 psbunch length

e Soon: RF acceleration to = 55 keV

* More charge

57  Uppsala Oct 2019
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New: compact ultracold & ultrafast electron source

o i
iy ""r'h / -

 T,=10K, €,1 nm rad, 10 keV
e ~103 electrons/bunch @ 1 kHz

* <4 psbunch length

e Soon: RF acceleration to = 55 keV

* More charge
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Spatial coherence: diffraction limited ICS

1000

HZO // : ’ 5
window 3.0 MeV //' 2.0 MeV

4.0 MeV 2.5 MeV

900
Ultracold electron source
allows generation of 800
diffraction limited EUV beams
by Inverse Compton Scattering E, 700
g

600

59  Uppsala Oct 2019




Temporal coherence: micro-bunching

\...,=390 nm Amod
480 nm
r
L» > 5°P; @
780 nm
58
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Micro-bunched electron beam: excitation

CooledRb

\ 480 nm

2 »
780 nm
s, o
2

X
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Micro-bunched electron beam: excitation

480 nm
5 —— @
780 nm

5281
]

X
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Micro-bunched electron beam: excitation

ExcitedRb
\n 480 nm
A, PI & =
.h.-" - . v f&f
+ e r—— @
390 nm
780 nm
=5y O

X
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Micro-bunched electron beam: ionization

xT_’6
Z 4  Uppsala Oct 2019

5281
]

480 nm

780 nm
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Micro-bunched electron beam: acceleration

. 480 nm
b &~ T

] -~

780 nm

5281
]

X
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Temporal coherence: micro-bunching

| J;:W i

fa— [S— O [— [— O\WW\)

Ax
1 - lonization 2 - Accelerator exit 3 - Self compression 4 - Stretching 5 - Compression 6 - Acceleration 7 - Interaction
'El
Pz Pz - Pz Pz Pz Pz Pz
!
z z z Z z

\'\_/'

—

)\mod
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Temporal coherence: micro-bunching
.

(=)
Ao
o — e} — ‘ 1 A : — O%

Ax
1 - lonization 2 - Accelerator exit 3 - Self compression 4 - Stretching 5 - Compression 6 - Acceleration 7 - Interaction
IEl
P f P, - P - P; P P, P
VA VA VA VA VA VA VA
RF bunch compression > 100x

Van Oudheusden et al.,
Phys. Rev. Lett. 105, 264801 (2010)

A

A mod X
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Temporal coherence: micro-bunching
.

(=)
Ao
o e N e

Ax
1 - lonization 2 - Accelerator exit 3 - Self compression 4 - Stretching 5 - Compression 6 - Acceleration 7 - Interaction
|El
P f P - P P P p. P
A
z Z z Z z Z z
micro-bunching

at EUV wavelengths
=» coherent amplification of ICS

A

A mod X
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p. (X mec)

e density (a.u.)

Temporal coherence: micro-bunching

x10 4‘ |
L inside the MOT
o
$i1 -E;Hf.*iss:,h?%b §
i gxgé filit’
i?gggié
-1t 1
Lt "< 390 nm
51
0 L A
-5000 0 =000
z (nm)
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x1073

compressed at 1. 75 MeV |

it
At %ﬁg

i

lﬁ%@%

—> <«— 13.5nm |

-200 -100 0 100 200
z (nm)

preliminary
GPT simulations

* realistic fields

e T,=10K

* small bunch

* no space charge

micro-bunching
at EUV wavelengths
=» coherent amplification of ICS
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Temporal coherence: micro-bunching

micro bunching

at EUV wavelengths
=» coherent amplification of ICS 2,0W
randomly distributed micro-bunching
electrons
AAAAA
AAAANA
AAAAA
AANIN
AAAAA
NI\
spontaneous radiation SASE radiation
| o< N, | o< N2
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Temporal coherence: micro-bunching

micro bunching
at EUV wavelengths
=» coherent amplification of ICS

randomly distributed micro-bunching

electrons

AAAVAVA
AVANAAA
SRRBDS. AAAAA
‘“’s AAAAA
AVATATATAN
spontaneous radiation SASE radiation
| o N, | o N2
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F, N,

f =1kHz,

Ep =200 mJ

/,=1030 nm = F, =4x10" photons/s
¥y =10 mm E, = 0.6 pJ/pulse
0=0.1pC

P=0.6 mW
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Temporal coherence: micro-bunching

micro bunching

2
at EUV wavelengths I:X IJ. Ne

=» coherent amplification of ICS

randomly distributed micro-bunching
electrons f =1 kHZ,
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3 MYV £,=200ms
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w w v« -’\/\/W /7, =1030nm = F = 4x10" photons/s
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E, = 0.6 J/pulse*
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* too good to be true
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ColdLight: from laser-cooled a

en et al., arXiv:1905.04031 (2019)




ColdLight summary

e ColdLight: Laser-cooled electron source for ICS soft X-ray generation
10K (1 meV) electron source temperature; < 4 ps pulse length
* RF acceleration & bunch compression & higher bunch charge soon

* Full spatial and temporal soft X-ray coherence; coherent amplification...?
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High-brilliance X-ray sources
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