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Principle of Hartmann sensor
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Beam characterization of FLASH

Experimental setup at BL2
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[1] B. Floter et al, Beam parameters of FLASH beamline BL1 from Hartmann wavefront I .‘
measurements, Nucl. Instrum. Meth. A 635 (2011) 5108-5112
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Adjustment of beam line optics by
online wavefront monitoring
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Beam characterization of FLASH

Experimental setup at BL2
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[2] B. Floter et al, EUV Hartmann sensor for wavefront measurements at the Free-electron
LASer in Hamburg, New J. Phys. 12 (2010) 083015
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Beam characterization at FERMI
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Beam characterization of HHG
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Beam characterization of HHG
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Beam characterization of HHG

4x4 matrix for a Gaussian beam

\ Mgrating[“» Blal]
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Beam propagation
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Gla] = Mprop[1319.9mm] - Mgrating|a, Blal] - Mprop[319.9mm] - G

WaistDifference[mm]
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(xu) 0 w? 0
0 vy 0 @
20 .
4x4 matrix for atoroidal grating[3) | T
M 0 ooy | .
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[3] A.E. Siegman, ABCD-matrix elements for a curved diffraction grating, J. Opt. Am. A 2 (1985) 1793
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Coherence
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Mutual coherence function
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Mutual coherence function

Local degree of coherence

[(X,5) =(E(Xy,t) - E* (X2, 1))
=(E(X —8/2,t) - E*(X¥ +5/2,t))

r(x,s)

v, 8) =

JIGE —3/2) - 1(% +3/2)

Global degree of coherence
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— ability for constructive / destructive interference
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Mutual coherence function
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[4] M. Born and B. Wolf, Principles of Optics _0010 0,005

(1980) Cambridge University Press
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Mutual coherence function
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Mutual coherence function
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Mutual coherence function
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Abstract: The 1 ch ation of the spatial and temporal 3 15hef 599 C_] T =
ccherence prmperues of the free-electron laser in Hamburg (FLASH) at a = i " =
wavelength of 8.0 nm is presented. Double pinhole diffraction patterns of ‘;: 1 ;,

single femtosecond pulses focused to a size of about 1010 um? were
measured. A transverse coherence length of 6.2+ 0.9 um in the horizontal
and 8.7+ 1.0 um in the vertical direction was determined from the most P
cocherent pulses. Using a split and delay vnit the coherence time of the 30 =10 0 10 30
pulses produced in the same operation conditions of FLASH was measnred . im

to be 1.754+ 0.01 fs. From our experiment we estimated the degeneracy
parameter of the FLASH beam to be on the order of 10*° to 10", which — —
exceeds the values of this parameter at any other source in the same energy 1 Horizontal direction 1F Vertical direction ]
range by many orders of magnitude.
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Wigner distribution function
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. . L (X :
spatial coordinate x = (y) mutual coherence function

/
fh(a\?l,? - (%) - ﬂ rJ(xs  e-li¥g2g
[\

Wigner-distribution  angular coordinate u = Cj)

Interpretation: radiance at position x in direction of u

lh] = W/mz .S

I§

[6] M. J. Bastiaans, Wigner distribution function and its application to first-order optics

J. Opt. Soc. Am. 69 (1979) 1710-1716
U
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Wigner distribution function
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h(3 a)— —> ﬂr(a? 3) - e-ilig2g

1) = [[ h(X, W) dudv

— near field

Radiant intensity

/N

I(@) = 2n)~2f h(X, W)dxdy
— far field

Degree of coherence

[ h(X, W)?*dx*du®

K =

h(X, w)dx*du®
]
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Wigner distribution function
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1 — o
h(x,U0) = (—2n> ﬂ ['(X,5) - e ¥Sd?%s

Fourier transform

h(vT)f)-jfh(xu) eXWollt g2y 42y

Relation to intensity distribution

hw,z - W) = L(W)

Z

separable « I(x,y) =1(x)-I1(y)

4

ﬁx(Wx:Z W) = iz(Wx)

30.10.2013 Tobias Mey - FEL beam characterization

N

hy(wy, z - wy) = I,(wy)

19




Measurement at FLASH
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Measurement at FLASH
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Reconstruction of Wigner distribution
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Reconstruction of Wigner distribution

FFT

iZ(WX)
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Reconstruction of Wigner distribution
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Wigner distribution of FLASH

-| 2D reconstruction (2-1802? pixel = 4MB) |—
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= hx(x» u) ) hy(y' U)

4}
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Wigner distribution of FLASH

-| 4D reconstruction (180* Voxel = 15 GB) |—
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6 hy(y,v) = j h(x,y,u, v)dxdu

~40 —20
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Wigner distribution of FLASH
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Wigner distribution of FLASH

-| Propagation (separable): h(x,u) = hy(X — z - U, U) I_
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Wigner distribution of FLASH

-| Propagation (non-separable): h(xX, 1) = ho(X — z - U, ) |— e
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Comparison of methods
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Young

1= ‘ Hlorizlonn-;l dijl'ecti'c)n,: 17 \' [ 'Velrtic;ﬂ di;'ecti'on;

Mutual o8 1 o g
S2060 5206

coherence = ol Y \
function Sl T D - I3

0 4 8 12 16 4 8 12 16

Pinhole separation Ax. jim Pinhole separation Ay. um
Sy, Sy [Hm]
Coherence
1.5um / 2.1um 6.2um / 8.7um
lengths I, /1,
Global degree
J 0.016 0.42

of coherence K
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Comparison of methods
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Wigner Young

o pulse to pulse fluctuations o pulse to pulse fluctuations
of coherence properties of coherence properties
— mean value & position instability

— max value

o huge amount of information o comparably low information
density

o 3D measurement for
a 4D phase space
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Wigner distribution of LPP source
-| Laser produced plasma source |—
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Outlook

CCD camera

S
é\( Focal plane
n Microscope 10x
\\ -~ 7

Phosphor screen
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3D measurement

4D phase space = 1804 voxels

exp. data = 1803 voxels

Focal plane 1
Focal plane 2

Toroidal mirror  plane mirror

(R1=1000mm, (gold coating
R2 = 1100mm for attenuation) i
A=2"-2")
FEL beam
30.10.2013

4D measurement

— covers the whole phase
space of the non-separable
Wigner distribution

Tobias Mey - FEL beam characterization 33



Outlook
-| 4D Wigner measurement I——
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@ © selection of
& & TEM10+TEMO1 profiles
Toroidal mirror ro\Qor&Q
R2 =200mm)

(R1=300mm, CCD camera \ <<0°<<0

o Nd:YAG laser with adjustable resonator

o modes: TEM0OO, TEM10+TEMO1, TEM20 —m—> n n n

o 50 z-positions, 15 rotation angles
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4D Wigner measurement }

Global degree

Projected Wigner distribution Mutual coherence function Near field
of coherence
: - ’ ’ ) = K =0.99 (1.00)
£ g g B B H
! ] £ g £ £ K =0.46 (0.50)
o —500. ll;)mj 500,
i i g H g
£ 3 i 2 : K =0.96 (1.00)
o ~500. Xlgr.nl 500. ~500. YIE;“I 500. ~500. x“?;“] 500.
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Needed matrices :

_ (x*) 0 (xu) O X% 0 0 0
general 4?(4 Matrnf . 0 () 0 (yv) oo 0 x,° 0 0
of a gaussian beam: R 0 0 0 u? 0
0 (v)y 0 (¥ 0 0 0 uy’
4 x 4 Matrix for 10 2z 0 \assumpm” e
) 0 1 0 z our HHG beam
propagation by z: Mproplz] = 00 1 0 (focus position
= plane wavefront
0O 0 0 1 = <xu>=<yv>=0)
4 x 4 Matrix for y i 0
diffraction by a 0 1 0 0
toroidal grating [1]: Mgratingl® Bl = | —2 /R, 0 1/M 0
0 —2/R; 0 1
[1] A.E. Siegman,
ABCD-matrix elements for a
curved diffraction grating, 2 COS & COS ﬁ Ccos ﬁ
1985, J. Opt. Am. A ¢ = X =
cosa + cosf cosa
2 N-A
R = R = q] 1 g
ST cosatcosp Y Bla] = sin < 7 sma)

Xo = beam size, uy = divergence, @ = incidence angle, § = diffraction angle,

R, = tangential radius, R, = sagittal radius, N = diffraction order,d = groove distance

A = wavelength




calculation:

Gla] = Mprop[1319.9mm] - Mgrating[a, Blal| - Mprop[319.9mm] - G,

7 1 A 1 \

grating diffracts assuming HHG beam
beam into N = -1. order to be gaussian

(R, = 1000mm, (xo = 80pum,

R, = 104.09mm, Uy = 1.7 mrad)

propagation from
source position
to grating

propagation from
grating to
measurement position

resulting
gaussian beam

d = 1lmm/550,
A = 32nm)
the curvature i of the resulting ...and the radius of the wavefront by:
wavefront is derived by:
(xu) (yv) 1 . 1
K, = K, = Y., = — y =
g (x?) Y (y%) Kk, Ky
waist difference: ...yielding the radii difference:
2 2
Ay FPP_ ) Ar o D)
T W) o) ()




Wigner distribution function

X

input plane

h;(x",u") = h,(Ax' + Bu',Cx' + Du')
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Transformation

h;(D% — BT,

_CR + Al = hy(3, 1)
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output plane
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Back-transformation
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)

Free propagation
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