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Brilliance
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X-ray generation by Inverse Compton Scattering
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X-ray generation by Inverse Compton Scattering

Laser wavelength /=500 nm

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

— 1o (1422 AXNIea SYAGUSR Ay yI NNP
* A 1+9q) A 1% energy spread iff nwm ¢
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X-ray generation by Inverse Compton Scattering

laser
electron ~ A 0

X-ray photon number per pulse:

= SN,
X 2 2
2p(s.+s;)
1030 nm, 200 m/J laser: N, » 1018?.I . 8 9
uY N ¢N_ ~10"-10
laser spot size: 5,° 5/7mg,
YK X-ray photon per electron
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ICS Xay brilliance
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X-ray photon flu :
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ICS Xay brilliance

laser
electron P

X-ray brilliance:
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first commercial ICS source
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Hard X-ray phase-contrast imaging with
the Compact Light Source based on inverse
Compton X-rays

5 mm

phase-contrast image
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Th ms |ICSsources. ThomX
being commissioned

Laser + G
4-mirrors T
optical FP CaVlty

Injection & Extraction
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table | \ \‘;‘
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Transfer line RNg (20 mA ‘
(transport and diags) 9 @omy

* "(
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RF & Feedbacks

Laser / Cavity system
w Pulsed laser : ps, ~1W average

X-ray for

users
w Optical fiber amplification
R - th | (100W) 2-3>Jpulse
Accelerating section 50-70 MeV (V] QI)tlca] chaVIty amp||f|cat|0n
|njector + Unac Electron gun ! n 10000)
(50nA) I 1MW stored inside the cavity
Hectron machine | (20-30 mJ pulse)
w 1nC/ bunch, 50 Hz inj. freq. X-ray beam
w Ring, z frep. . 1
® ", ~70>m Brlgthne-$ 10
w @~ 4 mm.mrad Transv. size 70 >m
W _o~ 10-20ps E 20-90 KeV
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Smart*Light: a LINA®Gased ICS source
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Smart*Light: a LINA®Gased ICS sourceihy?

<3m -

7
Solenoid Solenoid - Bendlng

Traveling wave Traveling wave <
12 GHz accelerator 12 GHz accelerator (9?’ agnet
525 MeV ._ X-raybeam

Adjusted X-band X-band
Accelerator for Accelerator
100 keV injection from the CLIC project

100 keV
10 - 50pC buncher (TMg0)

100 keV DC photogun 1 or 3 GHz velocity
Beam

dump

AvalilabilityX-band acceleratotechnology (CERN)
LoweremittancebeamsC higher Xray coherence
Easier alignmenfast change of Xay energy

Less radiation
No bunker required
Will fit into sea container

Proven technology, reliability & robustness
Modular approachSvap Guns& Add LINACs
Upscalingof Photon Flux & Xay 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

10 - 50pC buncher (TMg;() 1

100 keV DC photogun 1 or 3 GHz velocity

TU/e 100 kV D@hotogun TU/ebunchercavity modified CLIC accelerator section
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Smart*Light: a LINA®Gased ICS source

Solenoid ‘ Solenoid .

n 12T g I\-I;l:gc\t’avlz\::tor - 12Tg I\-,Le;.lgr?c‘:lae\rl:tor
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- 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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Detalled design calculations with CLIC team CERN
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Complex magnitude of the on-axis E-field

Hrst 3 adjusted cells

< 2%reflected back in the
structure at output coupler

Small standing wave component:
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(Possible) Laser System

TrumpfDira200-1

robust, reliable, turrkey
industrial laser

Commerciallyavailable compact highpower, sub-picosecond, 1036m,200mJ @1 kHz
With 2@ harmonic module: 515 nm, 108J @ 1 kHz

100-bunch burst mode operation usirigbry-Pérotcavity?
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Gun upgrade for 10unch burst mode

Emitter |solenoid chop compress

: -@-;---..T

laB; . N
source Point of injection

100 kV thermionic gun

A 1 mm LaBcrystal @ 1760 K
A 10 MV/m cathode field strength

A 100 mA continuous current
U 70 nm rad thermal emittance
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Gun upgrade for 10unch burst mode

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

source Point of injection

Higher harmonic choppingafpd compression.).
30% duty cycle: 7pCbunch @ 1.5 GHz 5

compress

— PFundamental Thqag mode

— Becond order ThMgog mode

— Sum of maodes

[ S
RF cavity: \/ \/ \/

Fundamental (1.5 GHz) and
second harmonic (3 GHz) mode
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Gun upgrade for 10unch burst mode
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—
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Upscalingo harder Xxray energies

Add 50-cell X-band
sections; run with
two klystrons.

electron
energy
[MeV]
5

10
15
20
25
30
35
40
45

24 MW 0-24 MW 50
55
— 73 MV/m (4l 73 MV/m — o
) > 30-61 MeV o
L=0.84 75

24 MW 0-12 MW 0-12 MW

v v
={D 73 MV/m &Hﬂ 51.5 MV/m EHE 51.5 MV/m D]=-
L=1.26m

25 Uppsala Oct 2019

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*Lightphase 1 in 2020

27 Uppsala Oct 2019 TU/e



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 -
24 1160
S 1140
[}
150 32
3 120 é
o 5
@ 30 100 Nz"’
C ©
100 - S
2 80
o 28
60
50 - 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

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

A Required accelerator and pulsed laser technology available

A Achievable hard Xay brilliance several orders of magnitude higher than current lab
sources

A Achievable hard Xay brillianceat high energies comparabte synchrotron
bending magnet radiation (DUBBLE @ ESRF)

A Construction started; first light expected in 2020, full performance in 2022.
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Inverse Compton Scattering (ICS) softay source

EUV wavelength / 0

/= 1- bcosg,
* %1+ bcosg, o d,
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Inverse Compton Scattering (ICS)ft Xray source

Wi
\\V//é—f‘—g-

4%\“
uy /, =13.5nmm

U =1.75 MeV{ l

EUV wavelength

/1-buB%<

/
* %1+ bcosg,
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Inverse Compton Scattering (ICS)ft Xray source

A narrowband, easily tunable wavelength

A clean, highly directional
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Inverse Compton Scattering (ICS)ft Xray source

A narrowband, easily tunable wavelength
A clean, highly directional

BUT:
A limited photon yielddue to small Thomson cross section

A limited spatial coherencelue toemittanceelectron beam
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Spatialcoherence diffraction limited ICS

1000 n ’
emittancecondition 900 /. 30Mev .7 2.0 MeV
/ o 40MevV  /25Mev
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é;l—w4—|3 /X—4,0— 800
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£ 700
Inverse Compton Scattering <
1- b 600
J. =0 =
1+b6
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Spatialcoherence diffraction limited ICS

1000 . . . : ;
H,0 A iy 135 mmpe
window / 3.0MeV .” 2.0 MeV

4.0MeV 25NeV

/7

900
Ultracoldelectron source
allows generation of 800
diffraction limited EUV beams _
by Inverse Compton ScatteringE .,

o
~<

4

600
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Ultracold atoms

N\ | \ | .
Magneto-Optical Trap (MOT)
N 10'° Rb atoms
R =1 mm, n >10®¥ m3
T 100 pKkK
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Ultracold plasma

T »10K, KT »1meV

RbT 7777777'% Fexe

< 480 nm | Ionization

5 P39

780 nm | Excitation

5) 81/2
Killianet al., PRB3, 4776 (1999)

38 Uppsala Oct 2019 TU/e




Ultracold charged particle beams

N\ |

normalizedemittance
(focusability

N\ |

T »10K, KT »1meV

KT
Rb* e e=s, ez
N — mc
e »1nm rad

Claessens et aPRL95, 164801 (200%
V Tabaret al.,EPL91, 46004 (201D
Engeleret al.,Nature Comm4, 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.&V

Van Mourik et al.Struct Dyn.1, 034302 (2014) |
PhyS|C§-OdayJU|y2014 Position (mm)
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Electron temperature

Magnetic Graphite Detector
Accelerator sample
: lenses p Beam
MOT coils block =
: I B ‘
sl - P
|
: = X
B

Electron energy: 10.8V

Van Mourik et al.Struct Dyn.1, 034302 (2014) A
Physicdoday July2014 ST

Position (mm)
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Electron temperature

. ) -
Accelerator Magnetic Saﬁg{lelte b etector (€)
: lenses eam

MOT coils Beam
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. 2 X

B

Electron energy: 10.8V

Van Mourik et al.Struct Dyn.1, 034302 (2014)

-4 -3 -2 -1 0 1 2 3 4 5

Physic&Today July2014 ARG
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Electron temperature

43

Temperature (K)
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Physicdoday July2014
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< 480 nm | Ionization

5 P30

780 nm | Excitation
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New. compactultracold & ultrafast electron source

Universityof

Strathclyde

Glasgow
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New. compactultracold & ultrafast electron source

Universityof '%

Strathclyde

Glasgow

A grating MOT based
A diode laser, fiber optics based
A compact, turnkey operation

Franssen etl., PRAB22, 023401(2019),SRA 02 NA Q & dza-FB?ré A
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Laser cooling & magnetoptical trapping of atoms

“grating "
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Laser cooling & magnetoptical trapping of atoms

-

“grating
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Normalizedemittance & source temperature

0.25

Solenoid waist scan
) F30>Y

source

s ' Mdp YY NI RBA
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480 nm

Oion

Bunchlength

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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480 nm

Oion

Bunchlength

In selfcompression point

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

In selfcompression point
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Bunch length

In selfcompression point

lonization
480 nm
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— Electrons

PonderomotivelOkeV

Bunch length

In selfcompression point

lonization
480 nm

Trapping
780.nm
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Bunch length

In selfcompression point

electron beam on detector

Delay = 4 ps Delay = 4 ps

laser off laser on
G I n LAYK2t{S WL IaYlIQ YSIFadaNBYSyi
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Bunch length

In selfcompression point
0.4

electron beam on detector

Delay = 4 ps

0.35

Delay = 4 ps

0.3

o (mm)

0.25

0.2

laser on
. 5 ~pulse Ieg < Ps.
LAY K2fS WL I aYlFIQ YSIadzZNBYSY

laser off
G I n
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ew. compactultracold & ultrafast electron source

TFmMn fNVE VY Y RZ

~1C electronsbunch @ 1 kH;

N

< 4psbunch length

grating MOT based

diode laser, fiber optics based

Do o o | Do Do Do

compact, turakey operation
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New. compactultracold & ultrafast electron source

4

| — ~N -V .
R | ol ATFmMn fNE VY kY RZ

A ~1@ electronsbunch @ 1 kH;

N

A < 4psbunch length

A Soovy wC | OOSft Ml

A More charge
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ew. compactultracold & ultrafast electron source

ATFvmn FNE VY RV R
b /| s ~
R\F cavity}\'”" —frp’ |- A ~1@ electronsbunch @ 1 kHz
A < 4psbunch length
SURTALER PRS- Rl A soov wC | 005t EeMl

A More charge
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Spatialcoherence diffraction limited ICS

1000 . . . : ;
H,0 A iy 135 mmpe
window / 3.0MeV .” 2.0 MeV

4.0MeV 25NeV

/7

900
Ultracoldelectron source
allows generation of 800
diffraction limited EUV beams _
by Inverse Compton ScatteringE .,

o
~<

4

600
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Temporalcoherence:micro-bunching

/\mod

<no=390 Nm
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Micro-bunched electron beam: excitation

CooledRb b

\ 480 nm

780 nm
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Micro-bunched electron beam: excitation

480 nm
e o

780 nm
25— @
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Micro-bunched electron beam: excitation

ExcitedRkb b

\ 480 nm
"—_"m&:

o
> e
780 nm

390 nm
525} 4 ‘

52P;
2

X
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Micro-bunched electron beamionization

480 nm
- . 1
11:.:: - r -
e o
780 nm
25— @
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Micro-bunched electron beamacceleration

o -
R e
. 480 nm
e k-
5Py ®
780 nm
75 ———— @
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Temporal coherencemicro-bunching

|®I JL M e

[S— O [—
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derator exit 3 - Self compression 4 - Stretching 5
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1 - lonization 2 - Acc - Compression 6 - Acceleration
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Temporal coherencemicro-bunching
.

(=)
(S0
f— S— o e - 1 7' ¥ : e O%

oK
1 - lonization 2 - Accelerator exit 3 - Self compression 4 - Stretching 5 - Compression 6 - Acceleration 7 - Interaction
IEl
P, f P, 0 P, P, P, b, P,
A
VA VA VA VA VA VA VA
RF bunch compression00x

VanOudheusderet al.,
Phys. Re\Lett. 105, 264801 (2010)

3y
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Temporal coherencemicro-bunching
.

(=)
(S0
S S— o — - i : = O%

Ix
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
C coherent amplification of ICS

3y

68 Uppsala Oct 2019 TU/e



Temporal coherencemicro-bunching

69

inside the MOT

—> <«— 390 nm

Uppsala Oct 2019

x1073

compressed at 1.75 Me)
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!5%5
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i

—> <«— 13.5nm

preliminary
GPT simulations

realistic fields
T.=10K

small bunch

no space charge

o Too T I

micro-bunching
at EUV wavelengths
C coherent amplification of ICS
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