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This document provides supplementary information to “Double grating shearing
interferometry for X-ray free-electron laser beams,” https://doi.org/10.1364/OPTICA.390601. In
a first section we give some additional information about the setup. The second section gives
technical detail about the grating manufacturing. A third section gives the mathematical detail
behind the interferograms and how they contain the phase information of the X-ray beam. In a
final section, details of the shear inversion algorithm are given.

1. DETAILS OF THE SETUP

The diffraction gratings were mounted on 30 mm cage-mount systems, where one grating sits inside a motorised rotational holder, and
another sits in a 2-axis lateral linear translation holder. Both gratings are manually positioned in distance and in the lateral positioning,
using an optical microscope imaging system, prior to the x-ray measurement. The manual measurement of the grating distance was
0.7 mm to each other, and was further confirmed to be 0.68 mm by the analysis of the fringe orientation during the experiment. The
whole unit was mounted on a motorised linear translation stage, which carries the gratings along the optical path of the focusing x-ray.

2. DETAILS OF THE DIFFRACTION GRATINGS

The diffraction gratings were fabricated at the Laboratory for Micro- and Nanotechnology at the Paul Scherrer Institut, Switzerland.
The required grating pitch of 96 nm was calculated to allow for sufficient angular separation from the transmitted beam (angle g in
Fig. 1 at 8.5keV photon energy. The grating pattern was etched into a 10 ym thick diamond membrane provided by the Diamond
Materials GmbH. Electron beam lithography was used to first print the grating patterns onto the mask layer on the membrane, over
614 pm x 614 um area. The writing field of the electron beam exposure was set to 307 pm x 307 pm to reduce the number of stitching
lines and still achieve the required resolution. The pattern was then transferred into the diamond by means of reactive ion etching (see
Fig. S1 left), followed by Ir filling of the structure for 50-60 nm to increase the diffraction efficiency, using atomic layer deposition. This
resulted in a checker-board grating made of Ir-filled diamond, with the structure depth of 300-400 nm, aspect ratio of approximately
10. The diffraction efficiency of the grating is found to be ~1% of the main pulse energy (for the 1st orders), as estimated from the Pixis
detector counts. Further details of such gratings can be found in [1, 2] .

During the experiment we took extra caution on the beam attenuation, as we were aware of the grating proximity to the sub-pm
foci of KB mirrors. Generally the x-ray transmission level was kept at least at 1075 or lower, for 120 Hz repetition rate. In this condition,
no sign of contamination or damages to the structure were observed, either during or after the experiment with post-analysis using
Scanning Electron Microscope (SEM). The only sign of damage was seen when we moved the grating through the focus to study the
wavefront profile in the near-field region. Only at the focus, delamination of the grating structure 1.5pm by 1.8 pm was confirmed,
both from the disappearance of the signal and from the SEM image.
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3. INTERFEROGRAMS

A two-dimensional checkerboard diffraction grating with circular pillars can be described as:

Ron(x,y) =Ty + (T = To) Dy (x,y) + (T2 = Ty) Dpx = B,y = B) (S1)
with T; and T, the complex transmission function of the pillars and the rest of the substrate respectively and
Do (x,y) = eircp(x,y) x Wp (x) Wp (y) (52)
the Dirac comb L is defined as N
Wwp (x) = Y &(x—nD) (S3)
n=—oco

The function circ, (%, y) equals 1 inside the area of a circle with radius p, and 0 outside of it. We will need the Fourier transform of this
function, which can be calculated easily in polar coordinates. Since the circ function has no dependence on the angle, the 2D fourier
transform reduces to a Hankel transform of the radial coordinate, which can be evaluated in terms of a Bessel function:

Fleirey (x,y)] = 271./000 cirep (x,y) Jo (xcr)rdr = %h(xr) (S4)

with r the radial polar coordinate, x = 4 k2 + k2, and with J and J; Bessel functions of the first kind of order 0 and 1 respectively. We
can now write the Fourier transform of the grating as :

—+o0
R¥ (ke ky) = Y, Ri5,0(kx — k) (ky — ki) (85)
I,m=—oc0
with
27 .
k=51 withlez (S6)
k= %”m withm € Z (S7)
(S8)
with
R¥ (271)2Ty + (T — Tq) (271)372 ifl=m=0 ©9)
b (T, — Tl)(zgiy)nzr]l (270, T)[1 + € 1Hm)] otherwise

which is only non-zero when both I and m are odd, and with

Nim = V12 +m? (510)

=4 (511)

The checkerboard and its Fourier transform can be seen in Fig. S1.
These equations are valid if the checkerboard is aligned according to the XY axis. If we rotate it by angle alpha, the positions of the
Dirac delta functions will not align with the axes of our coordinate system any more, and we need to write more generally:

RE (ky, ky) = f RY 5(ky — kX )o(ky — K. ) (S12)
a \xs Ry X Y Im

I,m " MMm
l,m=—oc0

ki, cosaw —sina| |k
= (S13)
kym sinae  cosa km

The approach we now follow is similar to [3]. We first consider the electric field of a beam focused at z = 0, with electric field
Ey(x,y,0), and calculate using the paraxial approximation and the Fresnel integral its field at the camera position z; = z.:

with

Eco(%,y) = Pz (x,y)El (%, y) (S14)
with "
Z 3
Ed(x,y) = —Relk%]" [Eo(x,y)ch(x,y)]kX:% (815)
k="

with k the wavenumber of the electromagnetic field and the spherical phase factor P,, defined as:

P, (x,y) = exp (Zi—;(c(x2 + yz)) (S16)
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Fig. S1. SEM image of the checkerboard grating before Ir filling (left) and its Fourier transform (right) indexed in (I, m). The Fourier
transform is convoluted with a Gaussian (equivalent to an incoming Gaussian beam on the checkboard grating) for visibility. The
Ronchi shearing effect remains the same for square-profile checker board or a circular-profiles such as the one presented here.

In this experiment the circular pillar structure is used, due to fabrication limits in maintaining sharp-edged profiles for small (<
200nm) pitch structures.

Essentially, Efo is the electric field at the camera position with its spherical phase removed (i.e. with ‘Flat’ wavefront). We now place a
checkerboard grating at position z; and propagate Ey to that positions, multiply by the complex transmission function of the grating,
and propagate the field back to the virtual focus using the Fresnel integral, and finally propagate this field to the camera plane at z,. If
we chose the orientation of the coordinate system such that the checkerboard is aligned with the axes we get (see also [3]):

1 e ; , z
Ege = (E)szf(x,y) ) Rael(¢l+¢m)Efo(x — X5,y — Y%, z.) exp (z(k, X+ km y)ix) (S17)
I,m=—o0
with
K2z
It
¢ = ok (Zc 1) (518)
k
XL =vh = ?l(zc —z) (519)

In principle we could do this process again with the second grating, but the mathematics would become overly burdensome for our
needs. Instead we will only consider the diffraction of the second grating of the transmitted beam (i.e. zero order) of the first grating
(i.e. we will neglect for example the first order diffraction of the first grating being diffracted again in first order by the second grating).
This is a reasonable assumption since the gratings only have a few percent efficiency in the first order, and less in the higher orders.
Also, since we are interested only in the interference of the first order with each other, we will limit ourselves to these from now on. As
the second grating is rotated with an angle « with respect to the first, we have to use Eq. (512) and (S13). For the order (I,m) = (1,1)
we get:

EY, = (%)ZPZC (x,y)RG e EL (x — XB,y — YN, zc) exp (i(k’{1 x+kf;y) lejx) (S20)
c
with
21+ (2144
ou = |2+ ()] ( - 1> (s21)
kx
X =z —z —0) (S22)

YA = Az, — 2y — 1) (523)
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We now take the phase difference between Eq. (520) and the corresponding order of Eq. (S17). We ignore the constant phase term, as it
has no practical importance. The linear term in x and y gives rise to the linear fringes, and for small angle « can easily be shown to

correspond to Eq.1 with tan g = @ the diffraction angle of the (1,1) order, and with the shear direction § at -45 degrees. The last
term in the phase difference equals

9r0(x = Xb,y = YD, z) — ro(x — X,y = Y, z) (S24)
Shifting the origin of x,y axis to the first order, this indeed reduces to
Ss (¢o(x,y)) = go(x,y) — o(x — 55,y —5y) (525)
with
5= (xB - xb vy -vd) (S26)

which can easily be shown to be oriented at -45 degrees. The other first orders (i.e. (I,m) = (1,—1), (—=1,1) and (-1, —1)) can be
treated analogously.

4. INVERTING THE SHEAR OPERATOR

To invert the shear operation, we use a method form [4] and elaborated in [3], which we adapt slightly to include non-integer values of
the shear vector § = (s, s,). We have a cost function :

=Y U2+ (R§ + Rﬁ) (S27)
5
with )
2 = Y (Sslgsjl — 5+ )" P (528)
ij
The shear operator is defined as . .
Ssli ] = ¢ij — ds[ei ] (829)
with the shift operator ds given by .
ds[p(x,y)] = ¢(x —sx,y — sy) (S30)
Ry and Ry are added to the cost function to regularize for smoothness and defined as:
) 2
Ry = Z (‘Pi—l,j —2¢;; + ‘Pi+1,j> Pi_1,jPiy1j (S31)
L]
) 2
Ry =) (‘Pi,j—l —2¢;; + ‘Pi,j+1> b i-1Pi i1 (532)

ij

and A is a regularization parameter. Since the shift parameter is unitary, we can show that the partial derivatives are equal to:

ou? ou? dR2  OR?
2= _ +A x4 v S33
Py ; Py | opr; Oy, (533)
ou? oA i i
S5t = 2L Po(Ssloni] — 9k + 90) (534)
Pc Kl
with
8U§2 _né & 5 5\ ps
age; ~25-¢ [ (Selowi) — g8+ 9%) PE) (535)
R (g — 2oy + drsas) PP
30 k] k1,0 + Praat) ProiPrya
—4 (pe—1,1 — 20k + Prs1,1) Pe—1,1 Py
+2 (Pr—2 = 2x—11 + Pr1) P2, Prs (S36)
oR2

=L =2 (s — 20101 + Prir2) PriPrsio

9Py 1
—4 (p1—1 — 20k + Prei41) Pei—1Peia
+ 2 (Prj—2 = 2¢x1-1 + Pii) Pei—2Pey (837)

These equation can be used for non-integer shear values, where we use an interpolated form of the shift function (e.g. bilinear, or
bi-quadratic interpolation).
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