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Abstract: High harmonic radiation is meanwhile nearly extensively used 
for the spectroscopic investigation of electron dynamics with ultimate time 
resolution. The majority of high harmonic beamlines provide linearly 
polarized radiation created in a gas target. However, circular polarization 
greatly extends the spectroscopic possibilities for high harmonics, 
especially in the analysis of samples with chirality or prominent spin 
polarization. We produced a free-standing multilayer foil as a transmission 
EUV quarter waveplate and applied it for the first time to high harmonic 
radiation. We measured a broadband (4.6 eV FWHM) ellipticity of 75% at 
66 eV photon energy with a transmission efficiency of 5%. The helicity is 
switchable and the ellipticity can be adjusted to lower values by angle 
tuning. As a single element it can be easily integrated in any existing 
harmonic beamline without major changes. 
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1. Introduction 

High harmonic generation (HHG) has become a versatile and indispensable tool for the 
spatio-temporal investigation of spin, charge and phonon dynamics with nanometer resolution 
in space [1–4] and unprecedented resolution in time down to attoseconds [5–9]. It enables the 
generation of broadband coherent radiation with a spectrum reaching to the extreme 
ultraviolet (EUV) or even up to the soft X-ray range from a table-top sized laser source. The 
commonly used and most established way so far to generate harmonic radiation is to focus a 
single near-infrared (NIR) pulsed laser beam with an intensity in the order of 1014–1015 
W/cm2 into a noble gas target. A fraction of the gas atoms is tunnel ionized and the released 
electrons are subsequently accelerated in the laser field, gaining an energy amount which 
corresponds to multiples of the fundamental photon energy, before they collide and 
recombine with their parent ion, emitting a high energy photon [10,11]. This process is most 
efficient when the driving laser pulses are linearly polarized, giving the highest probability for 
recollision [12–14]. In this case, the polarization of the harmonic radiation is also linear [15]. 
Due to the high efficiency and the relatively easy constructional implementation of this 
concept, the majority of high harmonic sources are nowadays designed to provide linearly 
polarized harmonic radiation and circularly polarized high harmonic radiation is hardly 
available. However, high harmonic radiation with circular polarization greatly extends the 
(micro-) spectroscopic possibilities for this radiation and allows a more detailed and 
systematic investigation of specific classes of material systems, especially materials with 
chiral structure or pronounced electronic spin polarization, combined with the highest time 
resolution possible to date. 

Currently, circularly polarized coherent EUV radiation is mainly provided by large scale 
synchrotron sources (e.g. helical undulators), and the applications of this radiation have 
already been extensively demonstrated, for instance, by EUV magnetic circular dichroism 
(XMCD) on magnetic [16–18] and nonmagnetic samples, photoelectron circular dichroism on 
chiral molecules [19,20] and spin resolved photoemission on topological insulators [21,22], 
magnetic coherent imaging and microscopy [23,24], by measuring quantum phases [20] and 
ultrafast decay dynamics [25]. However, the pulse duration of these sources and hence the 
time resolution in pump-probe experiments is still limited to ~100 femtoseconds [26]. This 
limit can be overcome by the current, fast progressing developments of free electron lasers, 
capable of providing brilliant soft X-ray radiation approaching the 10 fs range [27]. However, 
as a part of large scale facilities they cannot be considered as a widespread alternative for the 
table-top sized HHG sources. 
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Due to this eminent usefulness of circularly polarized EUV/soft X-ray radiation and the 
outstanding advantages of high harmonic radiation regarding high time resolution and large 
spectral bandwidth, there is a strong motivation to generate harmonic radiation with circular 
polarization, or at least with elliptical polarization and a high degree of ellipticity. Several 
concepts have been developed to meet this demand including both direct techniques which 
aim to produce harmonics with circular polarization directly from the HHG process and X-ray 
optical techniques transforming linear polarization into circular polarization. The earliest 
approach suggests the usage of elliptically polarized laser pulses to drive the harmonic 
generation process. Here, the highest harmonic ellipticity could be achieved for low energy 
harmonics in the plateau region below 40 eV from neon [28]. However, as the recombination 
probability for the ionized electrons quickly drops to zero with increasing degree of elliptical 
polarization of the driving laser pulse [12], this approach is highly inefficient, especially for 
high energy harmonics. Another method employs non-isotropic gas media such as aligned 
molecules to break the cylindrical symmetry around the laser polarization axis. This gives rise 
to elliptically polarized high harmonic emission even from linearly polarized driver pulses. 
Experimentally, only a moderate harmonic ellipticity up to 0.4 could be measured from 
aligned N2 molecules [29]. Efficient generation of circularly polarized high harmonics was 
recently demonstrated using co-propagating bichromatic driver pulses, both with circular 
polarization but of opposite handedness [30]. Harmonic radiation with high ellipticity could 
also be achieved using reflective waveplates, consisting of multiple metal mirrors, with an 
overall efficiency of few percent [31]. However, both concepts require additional 
constructional effort in their implementation and substantially more alignment work. 
Bichromatic driver pulses generally have to be guided on separate beam paths for their 
independent adjustment of dedicated beam parameters and have to be accurately overlapped 
in space and time at the gas target. Multi-element reflective waveplates are spacious and 
challenging to align as well. 

Here we present the generation of circularly polarized high harmonic radiation using 
transmission multilayer waveplates. Although transmission waveplates are conventional in 
the visible and NIR spectral range they are quite extraordinary in the EUV and soft X-ray 
range due to the lack of strongly birefringent materials and the generally high absorption rate 
of any material in that energy range. Nevertheless, the usage and applicability of multilayer 
structures in transmission as phase retarders in order to generate and analyze circularly 
polarized X-rays was already proposed more than two decades ago [32] and tested with 
synchrotron radiation [33,34]. However, to our knowledge they have never been applied to 
any high harmonic source so far. We have designed, produced and characterized a substrate-
less multilayer quarter waveplate for high harmonic radiation at 66 eV photon energy for an 
exemplary XMCD application at the nickel (Ni) M-edge [35]. We measured a broadband 
ellipticity of 75% at a transmission efficiency of nearly 5%. By selecting the proper material 
systems and engineering the parameters of the multilayer structure, the waveplate can be 
designed for various energy ranges. Suitable material combinations for transmission phase 
retarders have been shown for energies up to the water window [33]. Furthermore, by simple 
angle tuning of the waveplate, its working energy range can be shifted by several eV around 
the design energy. This can be very useful to either adapt its functionality to nearby photon 
energies, e.g. to an adjacent harmonic peak, or to adjust the degree of ellipticity at a certain 
photon energy. Besides, the helicity is easily switchable by changing the azimuthal alignment 
angle by 90°. The major advantage of our waveplate, however, lies in the fact that it is a small 
single-element device of only 1 inch size, allowing it to be easily incorporated in any existing 
standard HHG beamline without any major constructional changes, upgrading it to circularly 
polarized radiation without deviating the original beam direction. 

2. Waveplate design and fabrication 

A phase shift of 90° between two perpendicular decomposed field components of the same 
amplitude has to be introduced in order to transform linear polarization into circular. It has 
been found that a multilayer structure being used in transmission can introduce a substantial 
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phase shift between s- and p-orientated field components near its Bragg angle if this angle is 
in the vicinity of the Brewster angle, which is close to 45° in the case of EUV [32]. In this 
case standing waves are formed due to interference of the incoming and reflected s-polarized 
field within the periodic multilayer structure whose intensity is either concentrated in the 
spacer material for angles slightly smaller than the Bragg angle or in the absorber material for 
angles slightly larger than the Bragg angle [36]. This gives rise to a strong phase retardation 
or phase advance, respectively, for the s-component, basically through refractive effects, 
whereas the p-component remains unaffected by this resonance due to its proximity to the 
Brewster angle. Based on this behavior we designed a Mo/Si (molybdenum/silicon) 
multilayer structure which creates the desired phase shift at an incident angle of 45° and at a 
photon energy of 66 eV while simultaneously transmitting the s- and p-component at equal 
amplitude values. The composition of the multilayer stack design is depicted in Fig. 1. 

 

Fig. 1. Composition of the multilayer stack. The real stack design starts and ends with a 
natively formed SiO2 layer. Asymmetric MoSi2 layers are formed by material reaction at the 
Mo-Si-Mo interfaces. Their thickness depends on whether Mo is deposited on Si or vice versa 
[38]. The fraction of the absorber material Mo is kept small in comparison to the spacer 
material Si to minimize the waveplate’s absorption. 

The design energy of 66 eV was chosen to demonstrate a test case for a realistic XMCD 
application at the Ni M-edge (binding energies of 66.2 eV and 68 eV). The calculated spectral 
behavior of the given multilayer stack is shown in Fig. 2. Optical constants for the simulation 
are taken from [37]. Oxide layers, roughness values as well as interdiffusion and interface 
reaction parameters are included in the simulation model and are based on long-term 
experience in the production of EUV/soft X-ray multilayer optics [39–41]. 

As can be seen from the simulation, the s- and p-transmission curves intersect at the 
design energy with an absolute value of almost 5%. The corresponding phase shift is close to 
90°. The drop-off in s-transmission at 70 eV constitutes the Bragg reflection peak for the 
given angle of incidence. 
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Fig. 2. Simulated spectral transmission behavior and phase difference between s- and p-
polarization of the EUV multilayer waveplate for an angle of incidence of 45°. For this angle 
the Bragg condition for the given multilayer stack is fulfilled at an energy of approximately 70 
eV, which results in a local transmission minimum at that energy. The waveplate is designed 
for a nominal photon energy of 66 eV where Ts equals Tp and a phase shift of nearly 90° is 
introduced. 

From the transmission and phase behavior the respective spectral ellipticity ε and 
orientation Φ of the polarization ellipse are deduced and plotted in Fig. 3 for different incident 
angles. The ellipticity at 66 eV reaches almost the ideal value of 1 (circular polarization) 
while it starts dropping for nearby energies. However, the spectral full width at half maximum 
(FWHM) bandwidth of the ellipticity curve is with 4 eV remarkably high, indicating that 
pulse durations in the (sub-) femtosecond regime are still supported with a high degree of 
ellipticity. The steep slope in the orientation angle around 66 eV reveals a strong sensitivity 
with respect to photon energy and incident angle. 
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Fig. 3. Calculated spectral ellipticity and polarization orientation of the transmitted radiation 
for different normal incident angles α1. The polarization before the waveplate is linear 
horizontal. The ellipticity at 66 eV and α1 = 45° is nearly 1. The peak ellipticity can be shifted 
by several eV in energy while its magnitude is only little affected by varying the incident 
angle. 

An important and critical issue in the development of transmission multilayer structures is 
the fabrication procedure. In contrast to earlier approaches, our waveplate was not fabricated 
on a supporting foil (e.g. siliconnitrid) but was designed as a free-standing multilayer foil for 
best transmission efficiency. It has a total thickness below 150 nm and spans a free aperture 
as large as 3 mm. The foil is attached to a 1 inch metal ring to fit in any standard optical 
mount. 

While the production of high quality reflection multilayer structures, which are placed on 
a super-polished solid substrate, is well developed, high quality free-standing transmission 
multilayer optics are challenging to fabricate and require special attention regarding stability 
and film stress compensation. The fabrication process was optimized to produce transmission 
multilayers with a reasonably good quality and is depicted in Fig. 4. All fabrication steps 
were done in a class 1000 clean room environment in order to keep the contamination level 
during sample handling as low as possible. As temporary substrate we used a semiconductor 
grade silicon wafer which is spin-coated with a PMMA (polymethyl methacrylate) resist 
(thickness: 290 nm) and baked at 130°C. The multilayer structure was applied on top of the 
resist by ion beam deposition where each layer thickness can be controlled with sub-nm 
precision [41]. 
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Fig. 4. Fabrication process of the free-standing EUV quarter waveplate. (a): Raw sample with 
multilayer coating deposited on a PMMA coated Si substrate. (b): By dissolving the PMMA 
resist, the multilayer stack is carefully removed from the auxiliary Si substrate. (c): Image of 
the actual device. 

The sputter times have been modified to account for interface reactions, interdiffusion and 
roughness effects as well as post-deposition oxide formation (see Fig. 1). In the next step the 
metal ring was glued onto the structure. For an improved stability, a thin adhesive Kapton foil 
was placed between the multilayer stack and the metal ring to reduce stress on the multilayer 
structure introduced by the glue during its curing time. Finally, the resist was dissolved by an 
appropriate solvent and the silicon wafer was carefully removed. In order to remove any 
remaining debris from the solvent, the entire assembly was baked out at 100°C for one hour 
in the last step. It has to be mentioned that due to interface and surface stress, the multilayer 
foil is usually not perfectly even, but slightly wavy. 

3. Measurements and results 

In order to verify the proper functioning of the waveplate, we first measured its spectral 
transmission in s- and p-orientation at our HHG beamline. Few-cycle driver pulses, centered 
at 780 nm, generate high harmonic radiation in a neon gas jet with horizontal, linear 
polarization. Aluminum (Al) filters with thicknesses in the 200–400 nm range, were utilized 
to block the fundamental laser beam. The spectrum was measured by a EUV spectrometer 
using a concave, aberration corrected flat-field grating with a EUV CCD camera as a detector. 
For this measurement the laser intensity was adjusted so that the spectral measurement range 
was close to the continuous cut-off region of the harmonic spectrum where the modulation 
depth for distinct harmonic peaks is greatly reduced. The transmitted spectra are finally 
divided by a reference spectrum which was taken without the waveplate in order to obtain the 
pure spectral transmission characteristics of the waveplate. The nominal angle of incidence 
was 45° with an error of ± 0.5°. Figure 5 shows the result in an energy range around the 
design energy. The measurement fits well to the simulation as characteristic features are well 
reproduced. In s-orientation the local peak near to 63 eV and the minimum at 70 eV, 
constituting the Bragg reflection condition, is clearly replicated while in p-orientation the 
transmittance is monotonically increasing over the depicted energy range, in coincidence with 
the simulation. 
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Fig. 5. Measured transmission of the waveplate in s (blue)- and p (red)-orientation together 
with the respective simulations (dashed curves). The shaded area represents the error interval 
which is caused by a drift in the harmonic intensity during the acquisition time. 

The slight shift in energy of the local peak transmittance in s-orientation is attributed to a 
small alignment error in the angle of incidence. The shaded area represents the error interval 
induced by a slight drift of the harmonic intensity over time. The mean transmission 
efficiency within the measurement error is approximately 5%. 

Next, we determined the polarization state, i.e. ellipticity and orientation, of the harmonic 
radiation after inserting the waveplate into the beam path. Ellipticity and polarization 
orientation are a direct consequence of the introduced phase shift. Therefor we performed a 
simplified polarimetry measurement by recording the beam intensity after a rotating polarizer 
as a function of its polarization axis β2 (Rabinovitch setup [42]) while keeping the azimuthal 
angle β1 of the waveplate at a fixed value. For this, a multilayer mirror has been designed as a 
polarization analyzing element which only reflects radiation in s-orientation but not in p-
orientation. The geometry of the measurement setup is shown in Fig. 6. 

 

Fig. 6. Geometrical setup of the polarimetry measurement. Waveplate and analyzer mirror can 
be rotated around the beam axis by β1 and β2 as well as tilted by α1 and α2, respectively. The 
initial EUV polarization before the waveplate is linear horizontal, after transmission through 
the waveplate the E-field vector describes an ellipse with ellipticity ε and orientation Φ. 
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In the following we introduce a reference (x,y)-coordinate system which is set by the 
direction of initial laser polarization, which is nearly horizontal, coinciding with the x-axis. 
Azimuthal angles along the beam axis are positive for counter-clockwise rotation when 
viewed in beam direction. A second (s,p)-coordinate system is firmly attached to each optical 
element with s-axis being perpendicular and p-axis parallel to the plane of incidence. 

 

Fig. 7. Calculated spectral behavior of the analyzer multilayer mirror. The peak reflectivity in 
s-orientation is 34% at 66 eV with a FWHM reflection bandwidth of 4.6 eV. The extinction 
ratio within this bandwidth is larger than 50. 

The analyzer multilayer mirror has been designed for the same nominal energy as the 
waveplate. The simulated spectral behavior of the mirror is plotted in Fig. 7. The reflectivity 
for s-polarization has a peak value of 34% at 66 eV and a reflection bandwidth of 4.6 eV 
(FWHM) supporting sub-fs pulses. The analyzer mirror was operated near the Brewster angle 
in order to suppress reflections in p-orientation [43]. Also shown is the extinction ratio Rs/Rp, 
i.e. the suppression factor of p-reflectivity compared to s-reflectivity, which is larger than 50 
within the reflection bandwidth. Both optical elements, the waveplate and the analyzer mirror, 
were mounted on motorized gimbal mounts enabling the independent adjustment of both their 
incident angles α1,2 and their azimuthal angles β1,2 around the beam axis. The complete 
polarization state of light is commonly described by the four Stokes parameters, real 
quantities with the dimension of intensity, which are combined to the Stokes vector s = 
(s0,s1,s2,s3)

T (vectors in inline equations are denoted in bold letters), where s0 describes the 
total intensity, s1 the fraction of linear horizontal and vertical polarization, s2 the fraction of 
linear polarization rotated by 45± ° and s3 the fraction of circular left- and right-handed 
polarization. The polarization degree P is given by 

 
2 2 2

01 2 3

0 0

,nps ss s s
P

s s
−+ +

= =  (1) 

where 2 2 2
0 1 2 3nps s s ss − + +=  is the unpolarized fraction. The ellipticity ε and orientation Φ 

of the polarization ellipse are then obtained by [28] 
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Any interaction with an optical element is described in this formalism by the Mueller matrix 
[44] 

 ( )
1 cos(2 ) 0 0

cos(2 ) 1 0 01
,

0 0 sin(2 )cos sin(2 )sin2

0 0 sin(2 )sin sin(2 )cos

p sM R R

− Ψ 
 − Ψ = +
 Ψ Δ Ψ Δ
 

− Ψ Δ Ψ Δ 

 (4) 

where tanΨ = rp/rs for reflecting and tanΨ = tp/ts for transmitting optics and Δ is the induced 
phase shift between s- and p-orientation. The Mueller matrix which rotates the coordinate 
system by an angle β around the beam axis is 

 

1 0 0 0

0 cos sin 0
( ) .

0 sin cos 0

0 0 0 1

R
β β

β
β β

 
 
 =
 −
 
 

 (5) 

Let the polarization state after the waveplate be si, then the Stokes vector sf after reflection 
from the analyzer mirror at angle β2 is obtained by 

 2 2( ) ( ) .f is R M R sβ β= − ⋅ ⋅ ⋅ 
 (6) 

The back rotation of the coordinate system by the third Mueller matrix is necessary in order to 
obtain the polarization state in the original reference frame, defined by the incident laser 
coordinate system. The intensity which is recorded by the detector during a β2-scan is given 
by the first component of sf: 

 ( ) ( ) ( ) ( ) ( )0 0 1 2 2 2

1 1 1
cos 2 cos 2 cos 2 sin 2 ,

2 2 2f p ss R R s s sβ β = + − Ψ − Ψ 
 

 (7) 

which can be rewritten using Eq. (3) and the definition for tanΨ as 

 ( ) ( ) ( ) ( )2 2
2 0 1 2 2

1 1
cos 2 2 .

2 2p s s pI R R s R R s sβ β= + − − + + Φ  (8) 

The result is a sinusoidal curve whose modulation depth encodes the ellipticity and whose 
phase shift represents the orientation. This means in detail that any linearly polarized light 
field results after a β2-scan in a curve with the highest modulation strength which in turn is 
determined by the characteristics of the analyzer as it ranges from the maximum value of Rss0 
to the minimum value of Rps0, while the polarization direction is given by the phase shift 
according to Φ in the cosine term. A fully circularly polarized light field on the other hand 
does not give any modulation at all, i.e. a β2–scan yields a constant value of I = 0.5(Rp + 
Rs)s0. Also note that the Stokes component s3 is not directly accessible in this simplified 
polarimetry measurement since the azimuthal angle β1 of the waveplate is not varied. 
Therefore, the amount of unpolarized light is not determined and only an upper bound for the 
ellipticity can be obtained, as discussed in [28], by 
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which equals the true ellipticity from Eq. (2) for fully polarized light, i.e. for P = 1. However, 
as can easily be verified from Eq. (9) and (2), the deviation of εmax from ε becomes negligibly 
small for large values of s3, i.e. a high degree of circular polarization. It only starts becoming 
significant for small s3 values, provided the ratio between snp and s0 is constant. The latter 
requirement is true in our case as the conditions of the harmonic generation process are not 
altered throughout the measurements. Using the maximum and minimum value of Eq. (8), 
namely 

 ( ) ( ) 2 2
/ 0 1 2

1 1
,

2 2min max p s s pI R R s R R s s= + ± − +  (10) 

Equation (9) is recast to 

 s min p max
max

s max p min

R I R I
R I R I

ε
−

=
−

 (11) 

and the ellipticity is directly obtained from the intensity modulation depth of the β2-scan. The 
ratio Rs/Rp is obtained by the same scan but without the waveplate. The value β2 = 0° 
corresponds to s-orientation of the analyzer mirror regarding the initial linear polarization 
direction. A critical issue for this measurement is the proper pre-filtering of the harmonic 
radiation as will be shown in more detail in the following section. 

 

Fig. 8. (a): β2-scan without the waveplate using different metal filters to block the IR beam and 
to pre-filter the harmonic radiation. For the standard Al filter, the effective extinction of the 
analyzer mirror is reduced to about 2 since the fraction of transmitted radiation from the low 
energy range < 40 eV, where the mirror loses its polarizing capability (Fig. 7), is still too high. 
Material combinations of Al/B4C/La or Al/C show a better suppression of radiation in that 
energy range, leading to an improved effective extinction close to the value expected from the 
simulated design of the mirror at 66 eV. (b): Spectral transmission behavior of different filter 
materials. The standard Al and Zr filters exhibit a strong transmission window at low photon 
energies ≤ 40 eV. Higher suppression in this range is achieved by adding the materials La 
and/or C. 

First we have tested the polarization capability of the analyzing multilayer mirror. As is 
usual for high harmonic measurements, we used a thin metal foil to block the NIR driver 
pulse and separate it from the high harmonic EUV radiation [45,46]. As can be seen from the 
calculation in Fig. 7 the analyzer mirror loses its polarizing capability, i.e. the extinction ratio 
decreases significantly for low energy harmonics below 40 eV while at the same time its 
reflectivity increases for that energy range. This behavior is destructive for the measurement 
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and it has to be ensured that radiation in this energy range is sufficiently suppressed. 
Unfortunately, standard Al and Zr (Zirconium) filters which are routinely used to block the 
NIR driver are not appropriate, as obvious from the two β2-scans shown in Fig. 8(a). Both 
scans were done without the waveplate but with different filter combinations. As the 
polarization of the radiation hitting the mirror is linear in this case, the ratio between the 
maximum value at β2 = 0°, corresponding to s-orientation, and the minimum at β2 = 90°, 
corresponding to p-orientation, directly represents the extinction of the analyzer mirror, 
provided that the polarization degree equals 1. In the case of the Al filter the extinction is only 
about 2 and hence far off from the simulated expectation value plotted in Fig. 7. A similar 
result is obtained with Zr filters. This is because both filter options still show a strong 
transmission window between 20 eV and 40 eV where reflectivity in p-orientation is not 
sufficiently suppressed by the mirror. Effectively, leakage of radiation in this low energy 
range has the same effect on the measurement as unpolarized radiation, centered around the 
nominal energy of 66 eV, would have. In order to investigate which case is true we have 
tested filter combinations of Al/La (lanthanum)/B4C (boron carbide) and Al/C (carbon) which 
better suppress the low energy part. As can be seen from the β2-scans in Figs. 8(a) and 9(a) 
the effective extinction of the analyzer mirror substantially improves and is close to the 
calculated value. 

 

Fig. 9. (a): Results for the β2-scans without and with the waveplate for different detuning 
angles. The larger the detuning angle, the stronger the modulation depth (the smaller the 
ellipticity) and the stronger the shift in β2. An Al/C filter was used to pre-filter the high 
harmonic radiation (b): Measured EUV harmonic spectrum as used for the β2-scans and for the 
simulation values for the ellipticity εsimulated and orientation angle Φsimulated. Two neighboring 
harmonic peaks are cut out by the bandwidth of the analyzer mirror. 
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Although the filter combination with La shows a better suppression than the Al/C filter, 
see Fig. 8(b), we have chosen the latter throughout the measurement since La is subject to fast 
oxidation. Therefore, all of the following measurements were performed with a 200 nm Al 
and 50 nm C filter combination which is chemically more stable and easier to implement. 

For the polarimetry measurement we first experimentally determined the effective 
extinction of the analyzer by a β2-scan without waveplate, then we measured β2-scans with 
inserted waveplate at a fixed azimuthal angle β1 = −45° and a nominal incident angle α1 = 45° 
as well as at an angle detuning of ± 2° and ± 4°. The absolute angle uncertainty or the 
waveplate is ± 0.5°. The results are plotted in Fig. 9(a). For each scan we fit a curve according 
to Eq. (8) and normalize it for a better visualization. The extinction of the analyzer is 
determined to be 60, in good agreement with the simulation, hence the fraction of unpolarized 
radiation or, equivalent, low energy radiation that leaks through the filter can be assumed to 
be small. The depicted error is three times the standard deviation of 5000 laser shots. Using 
Eq. (11) and the measured extinction value, we can easily deduce the ellipticity from the 
fitted curves. The orientation of the polarization ellipse is obtained by the β2-offset of the Imax 
value for each curve compared to the curve measured without the waveplate. The results are 
summarized in Table 1. 

The simulated values are obtained by calculating the intensity curve Isim(β2) of a β2-scan 
using the actual spectral harmonic intensity distribution, depicted in Fig. 9(b), and the 
simulated transmission and reflection behavior of the waveplate and the mirror, at the given 
azimuthal and incident angles. From the obtained theoretical Isim(β2) curves, we extract the 
ellipticity and orientation in the same manner as from the measured curves. 

Table 1. Summary of measured and simulated values for the ellipticity ε and orientation 
Φ of the EUV radiation after transmission through the waveplate at different incident 

angles α1. 

α1 εmeasured εsimulated Φmeasured Φsimulated 
41 0.64 0.43 + 18 + 19 
43 0.73 0.60 + 9 + 18 
45 0.75 0.79 −4 −2 
47 0.69 0.68 −14 −26 
49 0.60 0.54 −17 −28 

It has to be mentioned that this simulation does not include any unpolarized radiation. As 
expected, for increasing angle detuning the ellipticity decreases and the orientation angle 
starts strongly deviating from the original linear polarization direction. 

4. Discussion and conclusion 

The measured results for the ellipticity and orientation angle clearly show the tendency as 
expected from the theoretical design. For the nominal angle of incidence of 45° the measured 
ellipticity well reproduces the simulated value within an error of 5%. This proves the proper 
behavior of our free-standing multilayer foil as a transmissive EUV quarter waveplate. 
Detuning the incident angles decreases the degree in ellipticity for the fixed photon energy of 
66 eV (central energy of the analyzer mirror) and hence detunes the spectral bandwidth of 
polarization (as simulated in Fig. 3). The fact that for the detuned incident angles the 
deviation between measured and simulated ellipticity values increases encourages the 
assumption that there is a small fraction of either unpolarized light, or more likely, leakage of 
low energy radiation through the filter which is still strong enough to affect the measurement. 
Both have the same impact on our measurement and can be simply denoted as effectively 
unpolarized fraction of the radiation. This fraction can be assumed to be constant throughout 
the measurement independent on the angle tuning of the waveplate. Only the relative 
magnitudes between s1, s2 and s3 are affected by angle tuning. When plotting the ratio ε/εmax 
as a function of s3 while leaving snp constant, it becomes obvious that εmax approaches ε for 
high values of s3, i.e. for a high fraction of circular polarization. Therefore, we can assume 
that the obtained value εmax = 0.75 for α1 = 45° is close to the true value ε. 
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We showed that the orientation angles switch sign for different detuning directions as 
expected. Any offset between measured and simulated values is attributed to the adjustment 
uncertainty of α1. As mentioned above, the orientation angle is quite sensitive to α1 due to its 
steep slope around the design energy as shown in Fig. 3. Another source of error regarding 
angle alignment is the slightly wavy surface of the multilayer foil which was not taken into 
account in the simulation, but could possibly give an additional effective angle alignment 
error. 

Another aspect which is of high interest is the effect of the waveplate on the temporal 
structure of the EUV input pulses. The broad reflectivity bandwidth of our analyzer supports 
fourier-transform limited pulses with a duration of 400 as. However, nonlinear spectral phase 
distortions induced by the waveplate lead to pulse broadening, temporal reshaping and 
chirping. We also have investigated from our simulations the second order phase effect, i.e. 
group delay dispersion (GDD), the predominant phase effect for temporal pulse broadening, 
on the input pulses while passing through the waveplate. We obtained a GDD value of 33000 
as2 when the light field is p-orientated which would broaden the pulse to about 460 as. This 
amount of broadening is comparable to the one caused by a single slab of thin metal foil with 
a thickness similar to our waveplate. However, the situation is quite different for the s-
orientation of the light field. As in this case standing waves are formed within the multilayer 
structure, which induce the required phase delay toward the p-component, a much higher 
GDD value of −1.24 fs2 is obtained for this orientation which broadens the pulse to about 8.5 
fs. 

In this work we have demonstrated for the first time the successful implementation of a 
substrate-less multilayer transmission quarter waveplate for HHG. To achieve the highest 
transmission efficiency it was fabricated as a free-standing foil without any support. A high 
broadband ellipticity of 0.75 was measured in accordance with the theoretical design. The 
used bandwidth of 4.6 eV FWHM supports pulses in the low femtosecond regime, necessary 
for an ultrafast time resolution. For narrow bandwidth applications which are tuned to a single 
harmonic peak or even to a fraction of that, higher ellipticities up to 1 can be expected. 
Although we could not measure the sign of helicity with our setup, it is obvious that the 
handedness of circular polarization can be easily switched by adjusting the azimuthal angle β1 
to either + 45° or −45° with respect to the initial polarization direction. Our waveplate is a 
space-saving, single element which can easily be integrated in any existing standard HHG 
beamline with linear polarization, upgrading it for circular polarization with all its benefits, 
without the need for altering the conditions of the harmonic generation process. Complex 
additional arrangements are not necessary with this approach. 
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