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EUV wavefront sensor
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EUV wavefront sensor
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Coherent diffractive imaging s [3]
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[3] H. N. Chapman et al., "Femtosecond diffractive imaging with a soft-X-ray free-electron laser,” Nature Phys. 2, 839-843 (2006)
[4] M. M. Seibert et al., “Single mimivirus particles intercepted and imaged with an X-ray laser,” Nature 470, 78-82 (2011) 5
[5] B. Chen et al., “Diffraction imaging: The limits of partial coherence,” Phys. Rev. B 86, 235401 (2012)
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Mutual coherence function
=(E(Xx —8/2,t) - E*(X¥ +5/2,1))

Local degree of coherence Global degree of coherence
#3) rx,s) X JI (%, $)?dxds
y(x,s) = =
VIGE —58/2) - 1(X +5/2) (ff T(%, 0)dz)"

— required for interference effects

[6] M. Born and B. Wolf, Principles of Optics, Cambridge University Press (1980) 6
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[6] M. Born and B. Wolf, Principles of Optics, Cambridge University Press (1980)
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Coherence
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: : L (X .
Spatial coordinate x = (y) Mutual coherence function
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Wigner distribution Radiation angle 1 = (z)
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: : L (X .
Spatial coordinate x = (y) Mutual coherence function

/ /
J 2 ¥ .
/;1(9?,17;: (%) - ﬂ [(Z3) - eF3g2s

Wigner distribution Radiation angle 1 = (z)

Irradiance Radiance Global degree of coherence
1) = [[ h(% W) dudv I@) = r)~2ff h(Z, W)dxdy K= 2 [ h(x, W)*dx?du?
— Near field — Far field JI h(X, W) dx*du®
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h(x, 1) = hy(x,u) - hy,(y,v)

Wigner distribution at waist position

8 x? 8 u?
hy(x,u) = hpexp |———|exp|——
dO,x Hx

Global degree of coherence
4 A

K =( T dO,x9;:>

Phase space volume
(constant after Liouville)

-2 ZR “ZR z=0 ZR 2 zR
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h(x, 1) = hy(x,u) - hy,(y,v)

Wigner distribution at waist position

8 x? 8 u?
h,(x,u) = hyexp — exp | — Y
O,X X

Propagation of the Wigner distribution
h,(x,u)

=h,(x —z-u,u)
Z

-2 ZR “ZR z=0 ZR 2 zg
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1 Separability

h(X, 1) = hy(x,u) - hy (y,v)

Wigner distribution at waist position

8 x? 8 u?
h,(x,u) = hyexp — exp | — Y
O,X X

Propagation of the Wigner distribution
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Wigner distribution

Projection-slice theorem [9]
h(qy z - qx) = I,(qy) 101

0.0
]

[91 A. Torre, Linear ray and wave optics in phase space, Elsevier B.V. Netherlands (2005) 17
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Wigner distribution

Projection-slice theorem [9]
h(dx 7 4x) = 1,(qx) 1.0¢ '

[9] A. Torre, Linear ray and wave optics in phase space, Elsevier B.V. Netherlands (2005) 18
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Wigner distribution

Projection-slice theorem [9] o
h(qy z - qx) = 1,(qy) 4
4D reconstruction ‘T_G 2
~ 5 = <
h(qg,z-q) = 1,(q) = 0
s -2
N
_4]
Iog[I]
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06 _
0 A [m ™

[9] A. Torre, Linear ray and wave optics in phase space, Elsevier B.V. Netherlands (2005) 19
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hy(x,u) = ff h(x,y,u,v)dydv hy (y,v) =f h(x,y,u, v)dxdu
E g
& £
3 >
-50 =25 0 25 50 50 =25 0 25 50
x[pum] y[pum]

[10] T. Mey et al., “Wigner distribution measurements of the spatial coherence properties of the free-electron laser FLASH,”

Opt. Expr. 22, 16571-16584 (2014)

20



Wigner distribution . < Loser
Gottingen e. V.

]

Measurement

Reconstruction

-200 0 200
x[um]

21



>

|_aser-
|_aboratorium
Gottingen e. V.

Coherence properties

lyx vyl
Coherent area 1.0
0.8
= l, = 5.5 um
= 0.6
= ly = 7.2 um
0.4
0.2
8088888880068
0.0 Sx,Sylum]
x[pm] o 5 10 15 20 25 30 Y
Wavelength Beam diameter Coherence length  Global degree of
A [nm] dy / dy [um] L /1, [um] coherence K
Wigner [10] 24.7 67 /53 55/7.2 0.032
Double pinhole [7] 8.0 17/ 17 6.2/ 8.7 0.42
[7] A. Singer et al., “Spatial and temporal coherence properties of single free-electron laser pulses,” Opt. Expr. 20, 17480-17495 (2012)
[10] T. Mey et al., “Wigner distribution measurements of the spatial coherence properties of the free-electron laser FLASH,” 2

Opt. Expr. 22, 16571-16584 (2014)
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Coherence properties

1.0
0.8 Hanbury Brown-Twiss [12]

' ® (Singer, 2013)
0.6

- Double pinhole [7]
0.4 ® (Singer, 2012)
Double slit [11]
0.2 (Singer, 2008)
Michelson interferometer [13] ® Wigner [10]
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[7] A. Singer et al., Opt. Expr. 20, 17480-17495 (2012)

[10] T. Mey et al., Opt. Expr. 22, 16571-16584 (2014)

[11] A. Singer et al., Phys. Rev. Lett. 101, 254801 (2008)

[12] A. Singer et al., Phys. Rev. Lett. 111, 034802 (2013) 23
[13] V. Hilbert et al., Appl. Phys. Lett. 105, 101102 (2014)
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Strahltaille Laserst,-a hi
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4D - Wigner distribution
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A. Torre, Linear ray and wave optics in phase space, Elsevier B.V. Netherlands (2005) 28

T. Mey, “"Measurement of the Wigner distribution function of non-separable laser beams employing a toroidal

mirror,” New J. Phys. 16, 123042 (2014)



4D - Wigner distribution

TEMy;+TEM,,

4
Global degree of coherence K 4 [ hihg + hohy dxdu
Theory Experiment _ 2 _
e e
S 0 s
) g
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[7] A. Torre, Linear ray and wave optics in phase space, Elsevier B.V. Netherlands (2005) 29
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mirror,” New J. Phys. 16, 123042 (2014)
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FLASH - Wigner-Verteilung
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FLASH - Wigner-Verteilung
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Fluktuationen FLASH - Schwerpunkt
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Fluktuationen FLASH - Durchmesser
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_162° 1
B 7T2 do’x dO,y Qx Qy

2 2 2 2
Ad Ad AO A6

Durchmesser/Divergenz K—->15-K
K = 0.048 + 0.004

Koharenz-Fluktuation AK =0.08-K
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FEL Strahl Fernfeld

Koharenzgrad v(3) Faltung 1(g) * ¥(q)

Objekt _
Erzeugt 1(§)
wenn FEL voll koharent
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FLASH - Wigner-Verteilung

System-Matrix: Propagation
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von Strahltaille zu Kamera-Position
%\Q’ %\Q/
A B 4 %
S@p)=(2 7) N @
o & &
. ¢
\\.Q’b P (SJQ
....................... —— b
j; .................... , «—>
Toroid Spiegel xy i
'.: ...... .‘
Rekonstruktions-Vorschrift Strahltaille- LaSerst,-ah,
Freie Propagation:  h(dy z - dy) = I,(gy)
Allgemein: hlA - Gy, B - Gl = I,(Gy)
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5(z,¢) = Sprop(2) * Stilt ¢ * Srot(@) * Storoid * Srot(®) ™" - St_i]lt,a - Sprop(—2o)

1 0 2z 0 yvcosa 0 0 0
Sprop(@) =9 1 U z . = 0 1/+/cosa 0 0
prop 00 1 0 tilt.a 0 0 1/y/cosa O
0 0 0 1 0 0 0 Jcosa
1 0 0 0 CQS;]? —sinq;/b 8 8
0 1 0 0 S _ [ sin CoS |
Storoid= —2/R; 0 1 0 rot(¢) 0 0 cgsqb —sing
0 —2/R, 0 1 0 0 sinp  cos¢p 41



