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The design of a phase shift interferometer in the extreme ultraviolet (EUV) is described. The interfer-
ometer is expected to achieve a significant higher precision as compared with similar instruments that
utilize lasers in the visible range. The interferometer’s design is specifically adapted for its utilization
with a table top pulsed capillary discharge extreme ultraviolet laser. The numerical model evaluates
the errors in the interferograms and in the retrieved wavefront induced by the shot-to-shot fluctuations
and pointing instabilities of the laser.
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1. Introduction.

The significant progress in the development of com-
pact light sources with wavelengths in the extreme
ultraviolet (EUV), covering the range of 10 to 50nm
[1, 2], has fostered research in several fields that use
short wavelengths. Some examples are the charac-
terization and processing of materials [3–6], tech-
niques for high resolution metrology [7–11], stud-
ies in atomic physics, photochemistry and photo-
physics [12, 13], biological imaging [14–17], the di-
agnosis of very high-density plasmas [18–21], the
study of nonlinear phenomena [22, 23], and even
integrated circuit lithography [24].
The development of coherent sources in the EUV

has allowed the implementation of interferometers
with improved resolution as compared with those
in the visible range. However, at shorter wave-
lengths the implementation is more complicated
due to the lack of high efficiency optics. Common
path interferometers, such as the shear interferom-
eter [25] and the point-diffraction interferometer
(PDI) [7], were demonstrated at EUV wavelengths
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for high resolution metrology. Although the stan-
dard metrology schemes that use a single interfero-
gram are very effective, these methods have several
limitations. Since they are based on localization
of the centres of the fringes, there is a compromise
between the accuracy and the sampling density in
the image. Moreover, most of them operate in con-
ditions of great tilt between the interfering beams,
so it is necessary the addition of a spatial carrier
frequency to remove ambiguities in the retrieved
phase and determine the overall sign or polarity of
the wavefront (i.e. whether it is concave or convex).

The phase shifting interferometry (PSI) over-
comes several of the problems present in single
interferogram methods. Using multiple interfero-
grams the phase of the wavefront can be retrieved
at each point in the space domain regardless of the
neighbouring points by a simple calculation. In this
case it is not necessary to add a spatial carrier fre-
quency or locate the centre of the fringes, and also
the polarity of the wavefront is unambiguously de-
termined. Moreover, the possibility of evaluating
the phase at every point increases the interferogram
spatial resolution.

Medecki et al developed a PSI compatible with
EUV light illumination [9, 11]. This interferometer
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is based on the PDI, with the additional ability to
implement the phase shifting algorithm, and con-
sequently improving significantly its performance.
In this EUV interferometer, a reference spheri-
cal wavefront beam is generated by diffraction in
a small pin-hole, therefore no reference surface is
needed reducing significantly the sources of error,
which allows obtaining an accuracy of the spheri-
cal reference beam better of a fraction of the wave-
length (0.038 nm for λEUV =13.5 nm) [11]. Despite
this, the layout of this device imposes a large sepa-
ration of the two beams that interfere. As a result,
the interference pattern contains information not
only from the object to be measured, but also a
large amount of tilt and coma in the direction of
the separation of the beams, which appears as a
systematic error in the measurements.

In this article an alternative design of a EUV in-
terferometer is presented. The feasibility of using
this interferometer to implement a phase shift algo-
rithm with a pulsed compact EUV laser as illumi-
nation is analyzed. This study is based on a beam
propagation code that takes into account the main
characteristics of the optical system and the EUV
laser source.

We present a complete analysis of the expected
performance of the instrument, with emphasis on
the utilization of a EUV capillary discharge laser.
This laser emits at a wavelength of 46.9nm, and
is well adapted to inspect substrates or multilay-
ered optics centered at this wavelength. Also, thin
samples with reasonably low absorption are suitable
specimens that can be inspected with this instru-
ment at this particular wavelength. However, the
calculation presented here are more general and can
be applied to other sources, like shorter wavelength
lasers and HHG sources, that are now capable to
emit below 10 nm, where the absorbance of most
materials is drastically reduced. For these alterna-
tive sources the spectrum of applications broadens.
Samples can be inspected when placed in one of the
branches of the interferometer. The interferometer
is a Mach-Zehnder configuration that allows a large
working space and in principle will be well adapted
to analyze for example biological samples.

The light source considered in this design is a ta-
ble top capillary discharge laser. It produces an
intense beam at λ = 46.9 nm with pulses of ap-
proximately 400μJ at repetition rates up to 4 Hz
[26, 27]. The beam has a high degree of spatial
coherence that varies with the length of the gain
medium [28]. The laser has also a narrow spectral
bandwidth, Δλ/λ ≈ 3−4×10−5[29], corresponding

to a temporal coherence length of 700μm [28, 30].
The high degree of spatial coherence of the capillary
discharge laser allows for a fully coherent illumina-
tion of the instrument. If other EUV sources are
used, it should be required a coherence area at the
input of the interferometer larger than the entrance
pupil of the instrument.
The implementation of an interferometer with

46.9 nm illumination utilizing this highly coherent
laser source would provide a high precision metrol-
ogy tool. However, since this laser medium is a hot
plasma produced by a fast pulsed discharge, it has
inherently variations in the position of the column
that may generate a drift of the laser beam from
shot to shot. This in turn may produce a pointing
instability in a PSI setup that influences the phase
retrieving. In this paper the influence of this effect
in the performance of the instrument is analyzed
and the limitations of the system are determined.
The paper is organized as follows: The design of

the interferometer is described in section 2. The
beam propagation through the interferometer is
studied in section 3. In section 4, the performance
of the interferometer, as a function of the fluctua-
tions in the laser illumination, is analyzed by nu-
merical simulations. Finally, the conclusions are
presented in section 5.

2. Design of the interferometer.

One limitation for an instrument designed to op-
erate at λ = 46.9 nm is the lack of refractive op-
tics. Thus the design is restricted to consider only
diffractive (Fresnel zone-plates and diffraction grat-
ings) and reflective optics (multilayer or grazing in-
cidence mirrors).
When implementing the PSI technique with accu-

racy of the order of a fraction of the wavelength, it
is convenient that the wavefronts of the interfering
beams are to be as similar as possible. Since inter-
ferometry is a comparative subtractive technique, it
is desirable that the obtained phase difference cor-
responds only to the phase introduced by the tested
object, and does not include any spurious phase due
to the geometry of the interferometer. From this
point of view, although the point diffraction inter-
ferometer developed by Medeki et al [9] is suitable
for using EUV illumination, it introduces errors due
to its layout (for example, tilt and coma), which
should be compensated in order to increase the ac-
curacy of the measurement [8]. Another alterna-
tive design was proposed by Chilla et al [31], which
was subsequently used for the study of temporal
evolution of the electron density in laser-generated
plasma [18, 32]. The configuration of the interfer-
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ometer described by Chilla introduces an angular
dispersion in one of the beams that produces high
astigmatism, making the interfering beams very dif-
ferent.
In order to partially overcome these problems, the

interferometer configuration shown in figure 1 was
choosen. It is similar to the one described by Chilla
[31], but it uses transmission gratings instead of re-
flective gratings. This scheme makes the optical
path of the two beams completely symmetric thus
eliminating the astigmatism. The output beams are
collinear so the tilt and coma are also minimized.
The incident beam impinges normally on the first
transmission diffraction grating G1 that splits the
incident wavefront in the multiple diffraction or-
ders. The first positive and negative diffraction
orders (1 and -1) define the two arms of the in-
terferometer. The zero diffraction order is blocked.
The two beams are reflected in two mirrors that
redirect them towards a second diffraction grating
G2 identical to the first one. This symmetric lay-
out makes the incident angles on G2 equal to the
diffraction angles on G1 recombining the beams in
a collinear path. The grating G1 is situated at a
distance do from the laser output. The distance
between G1 and G2 is G, and the two mirrors are
located at half way between the two gratings. Af-
ter the second grating, the detector is situated at a
distance zdo . Considering normal incidence on the
grating G1, the angles at which the order 1 and -1
are diffracted, are defined by the grating equation

sin(θo±) = ±λ

p
, (1)

where λ is the wavelength and p is the period of
the diffraction grating.

Fig. 1. Schematic of the interferometer. The gratings
G1 and G2 are used as beam splitters. The mirrors (E1
and E2) direct the beams to impinge at the same angle
on G2. The parameters are described in the text.

If the grating is displaced transversally to the
grooves to introduce the phase changes needed to
implement the PSI technique, the distances be-

tween the components of the interferometer remain
constant.

A singular aspect of the design described in this
paper is that it contemplates the utilization of
a pulsed plasma EUV laser source. Thus, the
PSI technique must be implemented with interfer-
ograms acquired with different pulses. Due to the
particular dynamics of the generation of the laser,
there is a possibility that the direction of the beam
slightly changes from shot to shot due to natu-
ral fluctuations in the location of the plasma col-
umn. Although this is not important for several
of the applications demonstrated so far with this
laser [19, 20, 33–38], this is an aspect that must
be taken into account when designing a high res-
olution instrument like a PSI interferometer. This
small variation in the pointing direction of the laser
beam imposes a source of error for this particular
application that has to be evaluated. It will be es-
pecially considered in the model that follows.

The most appropriate kind of phase retrieving al-
gorithms for our source is that used by the phase
stepping technique which introduces discrete phase
shifts in the reference arm (one step for each pulse).
The recovery of the phase requires at least three in-
terferograms. Usually, by increasing the number of
interferograms it is possible to reduce the error in
the evaluation of the wavefront. However, for the
specific design of this instrument, assuming that
the illumination can have a random small fluctua-
tion in the incidence angle, increasing the number
of interferograms adds a random noise that limits
the accuracy in the phase retrieval process. To es-
tablish a trade off between the number of interfero-
grams and the noise the four bucket algorithm [39]
was used, which is a significant improvement over
the three step algorithm [40, 41]

The intensity distribution for two beam interfer-
ence considering a bucket algorithm is given by

In(x̄) = Io(x̄){1 + υ(x̄) cos(Ω(x̄) + δn)}, (2)

where δn are the discrete shifts introduced in n
steps, Io(x̄) is the incoherent sum of the intensities
of the two interfering beams, υ(x̄) is the contrast
and Ω(x̄) is the unknown phase difference. In the
four bucket technique [40, 42], the phase shifts δn
are 0, π/2, π and 3π/2, so the four correspond-
ing intensities are obtained by the substitution of
this values in equation 2. Operating with the four
intensities, it is possible to get the spatial phase
distribution in modulus 2π
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Ω(x̄) = tan−1

[
I4(x̄)− I2(x̄))

I1(x̄)− I3(x̄)

]
. (3)

The most common errors such as detector non lin-
earities, or the introduction of spurious phase shifts
due to the inaccuracy of the mechanical compo-
nents (translation units), or non linearities of the
piezoelectric actuator which is normally used to
move the mechanical components, are largely ana-
lyzed in the literature [43]. Most of the algorithms
are designed to compensate and reduce the suscep-
tibility to these errors. In the case analyzed here,
the largest source of error is given by the fact that
successive interferograms are recorded from differ-
ent laser pulses. An error analysis due to pointing
instabilities in the incident beam has not been yet
done, since in general continuous wave stabilized
lasers with high pointing stability are used for this
type of interferometer. Since those are not the char-
acteristics that EUV laser, it is interesting to an-
alyze what are the tolerances on these parameters
that allow an accurate phase retrieval.

3. Beam propagation through the interferome-
ter.

In this section the propagation of laser beams
through the interferometer is modelled, in the gen-
eral case where the incidence angle on the first
grating (γ) and the position of the incidence axis
(xo, yo) vary relative to the instrument axis due to
the pointing fluctuations of the illumination beam.
Figure 2 exemplifies the ray tracing through the in-
terferometer for two cases where there are fluctua-
tions in the incidence angle and in the incidence axis
and compares them with the case where there is full
pointing stability, and so γ=0 and (xo, yo)=(0,0). It
is evident that it is necessary to evaluate the influ-
ence of the fluctuation of the parameters {γ, xo, yo}
on the retrieved phases since each interferogram has
an additional random phase that is originated by
these fluctuations. The displacements of the inci-
dent beam in the direction ŷ (parallel to the grating
lines) have no significant effect on the phase. Thus
all the deviations caused by the fluctuations should
be considered in the plane xz of the laboratory sys-
tem.
The transversal intensity distribution of the laser

has an annular shape, and its overall behaviour
(collimation, divergence, and transverse size) can
be adequately described by the lower order Gaus-
sian beam mode (TEMoo) [44, 45]. This is a good
approximation to calculate the propagation of the

Fig. 2. Ray tracing indicating the posibles pointing
stability problems. Full pointing stability (solid line),
error in the incidence angle (dotted line), error in the
incidence angle and displacement of the emission axis
(dashed line)

beam in the interferometer and to obtain analyti-
cal expressions for the interference patterns under
more realistic conditions than considering the prop-
agation of plane waves.
The electric field at the input of the interferom-

eter is considered to be a spatial Gaussian func-
tion with a narrow spectral distribution, with an
incidence angle γ and a beam waist σ located on
(xo, yo, 0). The propagation of the Gaussian beam
is performed in the natural coordinate system S′
in which the direction of propagation is parallel to
the axis z′, or the deviations are small enough to
satisfy the paraxial approximation. In this way in
the region of z varying form 0 to do, where the first
grating is placed, the beam propagates parallel to
the axis z′1 in the coordinate system S′

1, which is
the natural Gaussian system. The coordinate ẑ′1,
is oriented at an angle γ respect to the coordinate
ẑ of the laboratory system S. Assuming that the
origin of S and S′

1 coincides with the output of the
laser, a beam that exits the laser at a distance xo
and an angle γ from the z axis, will propagate in
the direction z′1 of the system S′

1, with its intensity
maxima in the position given by x′o = xo cos(γ),
z′o = xo sin(γ) and y′o = yo.
The Kirchhoff integral, in the Fresnel approxima-

tion, was used to describe the free propagation of
the beams. In figure 2 the beam paths were traced
for values of {γ, xo, yo} much larger than expected
for clarity. The distances that the beams propagate
are calculated using geometric analysis of their tra-
jectories and the effect of the gratings and mirrors
are expressed in the Gaussian beam formalism, ac-
cording to the model developed by Martinez [46].
This model allows for the inclusion of the effects
of the angular dispersion α in the grating and the
chromatic dispersion β due to the finite bandwidth
of the beam.
After the diffraction at the gratings and reflec-

tions on the mirrors, each arm of the interfer-
ometer is expressed in its own reference system
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that changes orientation as the beam propagates
through the interferometer. A different arabic nu-
meral is used to indicate the natural system of the
Gaussian beam in each region of the interferometer
as shown in figure 2. So S′

1 is the natural system
of the Gaussian beam between the beam waist and
the first grating, S′

2 is the natural system between
the first grating and the mirror, S′

3 corresponds to
the section between the mirror and the second grat-
ing and finally S′

4 to the section between second
grating and the detector. The Kirchhoff-Fresnel in-
tegrals are evaluated in the corresponding natural
coordinate system S′

i for each segment of the prop-
agation in the interferometer. The two beams are
finally written in the laboratory system to calcu-
late the interferogram. This is done by an appro-
priate transformation of coordinates, composed by
a translation and a rotation.
As it is shown in figure 1, l1 and l2 are the path

lengths in the systems S′
2 and S′

3 of the arm 1 re-
spectively. Analogously, s1 and s2 are the path
lengths in the systems S′

2 and S′
3 of the arm -1

respectively. These magnitudes and the angles at
which the beams emerges from the interferometer
(θG2±1) are calculated as a function of the incidence
angle and the impinging point on the first grating of
the interferometer {γ, xo, yo}, the construction pa-
rameters (do, G, zD, p) and the tilt ϕ of the mirror
in the test arm.
The phase shifts needed to implement the algo-

rithm are introduced through the translation of one
of the gratings of the interferometer. A translation
of a diffraction grating by a distance δ with respect
to the z axis of the coordinate system, introduce a
phase φS

n = 2πδn/p in the diffraction order n, where
p is the grating period. Similarly, if the alignment of
the incident beam produces a beam that impinges
at a distance xG1 from the interferometer axis onG1

and, after the propagation, impinges at a distance
xG2 from the interferometer axis on G2, a phase
shift ϕn = −2π(xG1 + xG2)n/p is introduced in the
order n. The quantities xG1 and xG2 are calculated
by geometrical optics considerations for each arm
of the interferometer. Then, the total phase that
is added due to the gratings positioning relative to
the beam is φn = (δ−xG1−xG2)2πn/p with n = ±1
for each arm of the interferometer.
The expression for the electric field at the output

of the interferometer is then:

A(x̄, {p̄}, ω) = A1(x̄, l2, l1, d, ω) +A2(x̄, s2, s1, d, ω).
(4)

A1(x̄, l2, l1, d, ω) and A2(x̄, s2, s1, d, ω) are expres-

sions for the electric field of the arm 1 and -1 respec-
tively and they depend on the coordinates of the
system S at the measurement plane x̄ = (x, y, z),
the optical paths through the arms, the propa-
gation distance d in the system S′

1, and the fre-
quency ω of the electric field (see appendix for com-
plete expressions). All the distances are dependant
on the parameters {p̄} = {γ, xo, yo, ϕ, do, G, zdo, p}
. The intensity at the detection plane is I(x̄) ∝
cεo
2

∫∞
−∞ |A(x̄, {p̄}, ω)|2 dω.

The last elements of the design are a telescope to
collimate the incident beam and an imaging system
in the output to rely the plane where is placed the
object under study on the detector’s plane.
The telescope is situated at the entrance of the

interferometer and can be implemented with two
curve mirrors or two zone plates. For the calcu-
lation purposes it will be considered that the tele-
scope is composed of these elements with focal dis-
tances f1 and f2, and a distance between them
equal to the sum of the focal distances.
Let us suppose that the Gaussian incident beam

on the telescope is characterized by a complex ra-
dius of curvature q(z) having a waist σ and the
divergence θ. The distance between the beam
waist and the grating G1 is fixed at do so do =
a+f1+f2+c. Assuming that the telescope is com-
posed of mirrors and using ABCD matrix formalism
[44, 45], the complex radius of curvature q′(z) of the
beam at the exit of the optical system is given by
q′(z) = a(f2/f1)

2−(f2+f1)(f2/f1)+c+izr(f2/f1)
2.

This represents a Gaussian beam that propagates
a distance d′o = a(f2/f1)

2 − (f2 + f1)(f2/f1) + c to
the grating G1 and with a confocal parameter given
by z′r = zr(f2/f1)

2. Now the new beam waist σ′ is
calculated considering the confocal parameter

z′r =
πσ′2

λ
⇒ σ′ = σ(f2/f1), (5)

with a divergence given by

ς ′ =
2λ

πσ′ ⇒ ς ′ = ς(f1/f2). (6)

Thus, to consider the effect of the telescope it is
equivalent to considered that the input beam in the
interferometer is a Gaussian beam with a waist σ′,
given by equation 5, and a divergence ς ′ given by
equation 6, and that propagates a distance d′o from
the position of the waist.
The optical surface under inspection is placed on

the mirror E1 of the test arm. Thus, to evaluate
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the wavefront distortion at that position it is neces-
sary to use an optical system that images the object
plane onto the detection plane. Adding the optical
system will introduce a phase term common to the
object and reference beams. The objects inspected
by interferometric techniques are expected to intro-
duce a small dephasing in the object beam, and not
produce a significantly large misalignment of the
instrument. Thus an alignment of the instrument
close to the zero fringe will remove the linear phase
and the global phase (piston term) components of
the Zernike expansion. This can also be done after-
wards with an adequate processing of the interfer-
ogram. To avoid including extra calculations and
keeping in mind that the objective of this analysis
is to evaluate the requirements on the laser pointing
stability to implement the phase shift technique, a
simplified approach is followed. The field distribu-
tion just after the second grating given by its ex-
pression in the system S evaluated in z = G + do,
was back propagated a distance corresponding to
the position in which the object is located.
Finally, it is useful to estimate the throughput of

the interferometer and the minimum requirements
in energy in the input of the instrument. If we as-
sume that 1000 counts per pixel in the CCD are
required to overcome the thermal noise, it is pos-
sible to find the minimum energy requirements for
the source. Taking into account the efficiency of
the different components (diffraction efficiency in
the first order ∼ 0.1 for a grating, reflectivity of the
grazing incidence mirrors ∼ 0.96, efficiency in the
first order for a zoneplate ∼ 5%) the total through-
put of the interferometer is estimated to be of the
order of 2×2.4×10−7, where the number 2 accounts
for the two beams that are interfering. Since each
photon would produce 26 electrons in the CCD for
the 46.9 nm laser, then the total energy at the in-
put of the interferometer should be 70 μJ, which is
still several times smaller than the energy available
with the 46 nm laser.
In the next section, the numerical simulations

that allowed for the evaluation of the tolerance of
the phase retrieval algorithm to the fluctuation of
the pointing of the illumination laser are described.

4. Numerical simulations and analysis of the
phase measurement.

In this section numerical simulations of the phase
retrieval calculation are presented. For this simu-
lation we introduced a test object consisting of a
wedge with a reflecting surface that forms an an-
gle ϕ with respect to a reference plane placed in
the position of one of the mirrors of the interfer-

ometer. The reference plane is parallel to the sur-
face of the mirror E1 (figure 1). The other fold-
ing mirror of the interferometer (E2) acts as the
reference surface. Ideally, the test object depicted
in the figure 3 would introduce a linear phase in
the reflected wavefront only in the region of the
wedge. Thus, when the interferometer is perfectly
aligned and there is no random variation in the
alignment of the illumination beam, no interference
fringes are produced in the region corresponding to
the reference plane, while equally spaced straight
fringes will be formed in the region corresponding
to the wedge. Once the phase is retrieved, after
measuring the four interferograms necessary to im-
plement the phase stepping algorithm, the wave-
front introduced by this object should be properly
reconstructed. However if random fluctuations in
the direction of the laser are taken into account,
the phase reconstruction will produce random vari-
ations in the phase.

Fig. 3. Scheme of the object utilized to evaluate the sta-
bility of the phase recovery process, the object is com-
posed of a wedge tilted in an angle ϕ located on a plane
surface, parallel to one of the mirrors of the interferom-
eter

To perform the numerical simulation realistic typ-
ical values of the interferometer dimensions were as-
signed. The period of the gratings p is assumed to
be equal to 1 μm, the distance between the laser and
the first grating and the distance between gratings
were chosen as 660 mm, and G ∼ 640 mm respec-
tively, and the focal distances of the mirrors or zone
plates that build up the telescope were f1 = 10 mm
and f2 = 500 mm. The distances between the tele-
scope, the capillary laser and the first grating, were
chosen in order to keep the distance do between the
beam waist (at the capillary output) and the first
grating G1, fixed at a value of 660 mm. The tilt of
the wedge was set ϕ = 5 × 10−6 rad, which gives
rise to three to four fringes in the interferogram.
In the four step phase shifting algorithm (equa-

tion 3), four interferograms are required which are
acquired with four different laser pulses. The fol-
lowing analysis assesses the influence of the typical
shot-to-shot variations (pointing instabilities and
incidence angle) in the process of retrieving the
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phase of the object beam. To evaluate this influ-
ence, let us consider that the pulse n, corresponding
to a phase shift δn is associated with a set of laser
fluctuation parameters, indicated as {γn, xon, yon}
that are the incidence angle and the impinging
point on the first grating of the interferometer.
Each intensity distribution necessary for the imple-
mentation of the algorithm in equation 3 is defined
as: In(x̄) = I(x̄, {γn, xon, yon}, do, G, z, ϕ, δn, ω) for
n=1 to 4, where the dependence parameters is in-
dicated explicitly. Thus, the retrieved phase de-
pends on the fluctuating parameters {γn, xon, yon}
through the four required intensity distributions as
Ω(x̄) = Ω(x̄, {γn, xon, yon}n=1,4, do, G, z, ϕ, ω). To
simplify the notation, the set of 12 parameters cor-
responding to the four laser pulses will be denoted
with η = {γn, xon, yon}n=1,4. Thus the phase distri-
bution is noted as Ωϕ,η(x̄) = Ω(x̄, η, do, G, z, ϕ, ω).
The retrieved phase was calculated by subtracting
the phase produced by the wedge and the phase
that corresponds to the region parallel to the mir-
ror E2. However, since the goal of this calculation is
to determine whether the phase introduced by the
wedge with respect to the plane is properly recov-
ered, it was assumed, in order to avoid edge effects,
that both the plane and the wedge were extended in
all points of space illuminated by the beam. That
is, first the phase introduced by the plane with re-
spect to the reference mirror E2 is calculated in
every point of the detector, as if the wedge were
not present (and then Ωϕ=0,η(x̄)). Then, the same
calculation for an inclined plane at an angle φ, was
done as occupying the entire object space (and then
Ωϕ,η(x̄)) and finally, both phases were subtracted.
The phase introduced by the wedge was derived
from the following equation

Rϕ,η(x̄) = Ωϕ,η(x̄)− Ωϕ=0,η(x̄). (7)

Since the size of the beam on the mirrors is
about 4 mm in radius, the functions defined above
were evaluated at 20 × 104 pixels, correspond-
ing to the number of pixels on the detector that
are covered by the beam (a pixel size of 10 μm
was supposed). Thus, by replacing the continu-
ous variables {x, y} with the discretized versions
{xi, yj}i,j=1:M in the expressions for the retrieved
phases, the phases in matrix notation were obtained

as Ωi,j
ϕ=0,η = Ωϕ=0,η(xi, yj), Ω

i,j
ϕ,η = Ωϕ,η(xi, yj) and

Ri,j
ϕ,η = Rϕ,η(xi, yj).
As is usually done in these techniques [43], the

errors are calculated using the criterion of the root
mean squared (rms), which is a statistical quantity

that represents adequately the performance of the
system, since it is an evaluation of all the area of
measurement. The expression for the rms error is

ζΩϕ,η =

(∑
i,j(Ω

i,j
ϕ,η − Ωi,j

ϕ,ηo)

N

)1/2

(8)

where Ωi,j
ϕ,ηo is the phase value in the position

{xi, yj} for a wedge tilted by ϕ in the ideal case
when there are not fluctuations in the laser beam
(which corresponds to the set ηo = {0, 0, 0}) and

Ωi,j
ϕ,η is the phase recovered in the same position

but taking into account the fluctuations.
The rms errors as a function of the fluctuations of

the parameters η were finally analyzed. To simulate
the shot-to-shot instability for the different pulses
random numbers were generated for each param-
eter of the set η = {γn, xon, yon} within tolerance
intervals, using an uniform statistics distribution.
This provides {xon}n=1,4 varying around its zero
mean value within the interval (−Δxo,+Δxo) and
{γn}n=1,4 varying around its zero mean value within
the interval (−Δγ,+Δγ). The absolute error ζΩϕ,η

as a function of the tolerances in the beam direction
due to a pointing instability (Δγ) and fluctuations
in the emission axis (Δxo) were analyzed. A statis-
tical study of the retrieved phases for different sets
η within the tolerance intervals was performed to
evaluate the errors.
Figure 4 shows the results of this simulation,

where the errors corresponding to the phase recon-
struction of the reference plane (ϕ = 0) and those
corresponding to the wedge (ϕ = 5 × 10−6) rad
are plotted. In both cases the influence of the tele-
scope described in the previous section was ana-
lyzed, that is, the results are shown for beam di-
vergences θ = 0.005 rad and θ = 0.001 rad, the
latter being for a telescope with 50X magnification.
The maximum ranges of pointing stability values
analyzed correspond to errors in the phase recon-
struction of the order of λ/10, since larger values do
not meet the accuracy requirements usually set for
these kinds of interferometric measurements [43].
As it was expected, the rms error increases as

the fluctuations increase in all the cases, however,
it can be seen that the interferometer is more sen-
sitive to fluctuations in the incident angle than in
the emission axis position. On one hand, when the
fluctuations are due to translations of the emission
axis xo, no significant differences are observed for
different angles ϕ. The use of the expander and
collimator system decreases the error by a factor
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Fig. 4. Graph comparing the absolute error in the phase
retrieving for a tilt angle equal to 5 × 10−6 rad (gray)
and without tilt (violet) as a function of the tolerances,
for all the simulations. (a) the fluctuating parameter is
the emission axis xo. (b) the fluctuating parameter is
the incidence angle γ

of up to four orders of magnitude. On the other
hand, figure 4 shows that for fluctuations in the
incidence angle, the error in the determination of
the phase corresponding to ϕ = 0 is four orders
of magnitude smaller than for the tilted wedge. In
the latter case, the telescopic system decreases the
error by two orders of magnitude. It is expected
that the higher magnification the smaller the errors
because the wavefront becomes increasingly flatter
through the optical paths. Remembering that the
plane ϕ = 0 is parallel to the mirror in the reference
arm of the interferometer, it is clear that such small
fluctuations in the angle of incidence increases when
the laser impinge on areas that are deviated from
this plane.

Since in all the cases the error in the determina-
tion of the phase corresponding to ϕ = 0 (ζΩϕ=0,η)

Fig. 5. Uncertainty in the recovery of the inclination of
the wedge in terms of the tolerances on the fluctuations
for an average of the reconstructed phase. The tilt angle
is ϕ = 5× 10−6 rad

is several orders of magnitude smaller than for the
tilted wedge (ζΩϕ,η) (see figure 4), the error in the
retrieved phase (ζRϕ,η) is approximately equal to
(ζΩϕ,η) and the precision is approximately equal to
the precision in measuring (Ωϕ).
The beam splitters of the interferometer are im-

plemented with diffraction gratings, thus it should
be expected that the alignment will be influenced
by the bandwidth of the source used for the experi-
ment. This effect is expected to be more important
if a HHG source is used, due to its larger bandwidth
as compared with EUV lasers. However, even for
these sources (Δλ/λ = 0.1), the influence is negli-
gible, yielding a maximum optical path difference
less than 3.4× 10−5 across the spectrum.
Finally from the phase distributions the tilt angle

of the wedge can be retrieved averaging over all
simulated data obtained for each tolerance interval,
in the situations discussed throughout this paper.
Figure 5 shows the data for errors in the recovery of
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the inclination angle as a function of the tolerance
for a wedge angle of ϕ = 5 × 10−6 rad, for the
cases where it is used a telescope system or a direct
illumination on the grating. The cases in which
fluctuations are due to pointing instabilities (Δγ)
and when they are due to variations in the laser
emission axis (Δxo) were analyzed.
The error increases when fluctuations increase.

For the range of the acceptable instabilities dis-
cussed previously (those that introduced errors be-
low λ/10) the values obtained for the inclination of
the wedge were correct. However, comparing these
results with those obtained in figure 5, in the case
of not using an expander and collimator system, it
is noted that the limit values obtained in the phase
error (values close to λ/10) corresponds to errors in
the tilt angle greater than or equal to the value of
tilt to be measured, therefore the measurement in
such cases would not be appropriate. As expected,
the use of the expander and collimator system leads
to the decrease of the error by several orders of mag-
nitude, allowing the system to be more tolerable to
the laser fluctuations.

5. Conclusion.
In this work it is proposed an interferometer suit-
able for working in the extreme ultraviolet and use-
ful to implement the PSI technique. The illumi-
nation source considered in this design is a table
top capillary discharge EUV laser. The instrument
was designed using reflective and diffractive optics
compatible with the EUV illumination. The pro-
posed two beam interferometer is composed by two
gratings and two mirrors that provide completely
symmetrical paths. The phase shifts required for
applying the PSI technique, are obtained by mov-
ing across one of the gratings. In order to perform
a study of the influence of the pointing fluctuations
that the laser suffers from shot to shot an algorithm
capable of simulating the propagation of the laser
beam in the device was derived, considering that
each interferogram must be acquired with a differ-

ent pulse. The phase retrieval was numerically per-
formed taking into account the construction param-
eters of the interferometer and the features of the
light source. To this end a test object was used com-
posed by a wedge with an inclination of ϕ = 5×10−6

rad. The correct recovering of the phase introduced
by this object was analyzed as a function the errors
caused by fluctuations in the incidence angle and
fluctuations in the positioning of the emission axis
of the laser. Two different cases were studied; one
corresponds to using a non collimated laser beam
and the other employing a collimator system with
50× magnification. As it was expected, for all cases
it is observed an increasing error as the fluctuations
increased. In addition, it is found that the device
is more sensitive to fluctuations in the angle of in-
cidence than to displacements of the emission axis.
On the other hand it is confirmed that the use of
the telescope produces a decrease in the errors by
a factor greater than two orders of magnitude. The
comparison between the angle of inclination of the
wedge with its error, revealed that the limiting val-
ues allowed for the fluctuations in the laser emission
axis, is of the order of Δxo = 10−2 mm , while in the
case of the fluctuations in the emission angle results
to be Δγ < 10−7 rad since for higher tolerances the
uncertainty in determining the angle does not make
reliable measurement. As expected, the expander
and collimator system decreases the error by several
orders of magnitude, which means that an appro-
priate magnification can be found in order to com-
pensate the actual laser fluctuations. In order to
decrease the error in the phase retrieval calculation,
the confocal parameter can be outstretched using a
telescope or the interferometer’s optical path can
be shortened designing a smaller foot print instru-
ment.

Appendix A: Amplitude of the electric field
In this appendix explicit expressions for
A1(x̄, l2, l1, d, ω) and A2(x̄, s2, s1, d, ω) are given.
In the case of the arm 1, it is obtained
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A1(x̄
′
4, l2, l1, d, ω) = −izrAoSR(ω)B

√
1

q(d+ l1 + l2 + z′4)q(d+ α2
1(l1 + l2 + z′4α2

2))
×

exp

(
− iko

2

(
2(d+ l1 + l2 + z′4) +

x′24
z′4

+
x′2o
q(d)

+
(y′4 − y′o)2

q(d+ l1 + l2 + z′4)
− l1(x

′
oα1 + q(d)β1(ω − ωo))

2

q(d)q(d+ α2
1l1)

))
×

exp

(
− iko

2

α1(−x′oz′4α2 + α1(l1 + l2)(x
′
4 + z′4β2(ω − ωo)) + (x′4 − z′4(α2β1 − β2)(ω − ωo))q(d))

2

z′4q(d+ α2
1(l1 + l2))q(d+ α2

1(l1 + l2 + α2
2z

′
4))

)
×

exp

(
− iko

2

l2(x
′
oα1 + q(d)β1(ω − ωo))

2

q(d+ α2
1(l1 + l2))q(d+ α2

1l1)

)
exp(iφ+1)

(A1)

where αi and βi are the angular and frequency dis-
persion coefficients of the gratings i = 1 and i = 2
for the arm 1, and are obtained as indicated in ref
[46]. The coefficient B includes the transmission
efficiency of both gratings in the order 1 and the
mirror reflectivity. q(z + izr) is the complex radius
of curvature of a Gaussian beam, where zr is the
Raleigh parameter. φ+1 is the phase shift added
due to the relative translation of the gratings and
the light beam previously described. The electric
field is written in the natural coordinate system S′

4
given by the coordinates x′4y′4z′4, that corresponds
to the section that extends from the second grating
to the detector. Then, in order to get an expres-
sion in the laboratory system S, both systems are
related by using a linear transformation given by
x̄′4 = x̄′c(0)+R−1(θG2

1 )(x̄− x̄c(G+ do)) where x̄
′
c(0)

and x̄c(G + do) are the coordinates of a reference
point on the second grating written in both systems
and R−1(θG2

1 ) is the inverse of a rotation matrix
around the y coordinate in an angle equal to the
first order diffraction angle in the second grating
θG2
1 , which is a function of the diffraction angle on

the first grating θG1
1 , the tilt of the mirror ϕ, and

the period of the grating p.
The corresponding expressions of the arm -1, are

obtained in complete analogy to that of the arm
1. So they can be obtained by substitution of the
propagation distances and the grating coefficients
of the arm 1 by the corresponding to the arm -1 in
the expression A1. That is to say, l1 is replaced by
s1, l2 by s2, α1 by α−1, β1 by β−1 and the same
for the second grating coefficients, φ+1 by φ−1 and
ϕ = 0.
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