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Low chromatic Fresnel lens for broadband
attosecond XUV pulse applications
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Abstract: Fresnel zone plates show a great potential in achieving high spatial resolution
imaging or focusing for XUV and soft/hard X-ray radiation, however they are usually strictly
monochromatic due to strong chromatic dispersion and thus do not support broad radiation
spectra, preventing their application to attosecond XUV pulses. Here we report on the design
and theoretical simulations based on the design of an achromatic hybrid optics combining
both, a refractive and diffractive lens in one optical element. We are able to show by
calculation that the chromatic dispersion along the optical axis can be greatly reduced
compared to a standard Fresnel zone plate while preserving the temporal structure of the
attosecond XUV pulses at focus.
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1. Introduction

High harmonic generation (HHG) from the interaction of intense few-cycle femtosecond laser
pulses with a gaseous or solid target [1-3], which can produce attosecond pulses at short
wavelength [4], requires the fabrication and utilization of extreme ultraviolet (XUV) and soft
X-ray optics for spectral filtering, temporal shaping and steering such pulses onto the target
under investigation. While in current attosecond experiments typically grazing incidence
reflectors [5, 6], ellipsoidal mirror for focusing HHG radiation [7], or normal incidence
multilayer mirrors [8, 9] with microscopic spot sizes are used, the application of attosecond
spectroscopy to nano-scaled targets requires new types of optics, that are capable of achieving
nanoscopic spatial resolution comparable to applications in XUV and soft X-ray microscopes
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[10-12]. These XUV and soft X-ray optics could possibly be utilized in attosecond time-
resolved pump-probe experiments to observe the fast electronic dynamics of atoms or
molecules in nanoscale systems [13—15]. Furthermore, the increase in focused XUV pulse
intensity opens the potential for non-linear XUV experiments [16, 17]. For instance, the
multicore-shell ionization or recombination of atoms [18] could be studied with a pump-probe
technique [19] in which two attosecond pulses are used, the first attosecond pulse as pump to
excite the core-shell of atoms and the second attosecond pulse as probe to measure the pump-
induced changes. However, the spectrum of attosecond pulses generated from HHG is in the
wavelength range of the XUV (i.e., from 30 eV to 250 eV) and soft X-ray (i.e., from 250 eV
to several keV) [20], which makes conventional refractive optics inappropriate for focusing
such attosecond pulses due to high absorption and low capability of light bending upon XUV
illumination. Reflective nanofocusing optics typically suffers from strong image aberrations
(astigmatism or spherical aberrations) and/or low numerical aperture (NA). In contrary,
Fresnel zone plates (FZP) as circular diffractive optics are capable of focusing XUV and soft
X-ray radiation to a nanospot by diffraction rather than refraction with high NA and vanishing
spherical aberration in the focal plane, and therefore overcome the aforementioned
disadvantages in conventional refractive or reflective optics [10, 21, 22]. Until now, using
FZP to focus femtosecond HHG radiation has been reported, which realizes a very high
spatial resolution of 200 nm, as well as high temporal resolution up to femtosecond scale
[23]. However, to achieve such a high spatial resolution focusing with a FZP, a highly
monochromatic XUV or soft X-ray beam at the input is required. Consequently, broad
bandwidth sources such as XUV or soft X-ray radiation from HHG will pose an issue when
utilizing such optics. The strong chromatic dispersion produced by a FZP from such broad
wavelength sources does not only result in image blurring along the optical axis (i.e., z-axis)
[24] but also broadens the duration of attosecond pulses at the first order focus, thus
destroying the temporal structure of attosecond pulses. In order to decrease the chromatic
dispersion of a conventional FZP when applied to broadband XUV or soft X-ray sources, a
new type of optics design was proposed by Chris Jacobsen et al. [25], who suggested to
employ an additional refractive lens with positive chromatic dispersion to compensate for the
intrinsic negative chromatic dispersion produced by the FZP.

Here we report on extended theoretical simulations of the spatiotemporal focusing
properties of such achromatic optics, as a combination of a FZP and a conventional refractive
lens, when being applied to a broadband attosecond soft x-ray pulse from HHG. We have
investigated the key parameters such as spatial intensity distribution and temporal intensity
distribution of an attosecond XUV pulse diffracted by achromatic optics at the optical axis
(e.g., at first order focus). The impinging attosecond XUV pulse employed here for
simulations is centered at 92 eV with a duration of 120 as, as it is typical for many attosecond
experiments [26—29]. Silicon (Si) was used as a refractive lens material in the simulations
since it has a very high positive dispersion around 92 eV for compensating the negative
dispersion given by FZP. Molybdenum (Mo) was selected as the material for FZP, phase-
reverse zone plate (RZP) and multilevel zone plate (MZP) because of its low absorption at 92
eV. Finally, silicon nitride was utilized as a substrate for its better optical transparent
property. The theoretical simulation results show that we are able to achieve a higher spatial
resolution as well as preserve the temporal structure of the attosecond XUV pulse at the first
diffraction order using this achromatic optics design. Our achromatic optics design concept
and theoretical results provide great application potential such as time-resolved
photoemission XUV microscopy for observing the dynamics of electrons in inner-shell core
of atoms at the nanoscale using this pump-probe technique.

2. Design of the optical device

The first order focal length of an FZP has an inverse relationship to the wavelength, which
can be described as follows:
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(M

where [ is the focal length, N is the total number of zones, Ar is the outermost zone width

and A is the wavelength. This strong inverse relationship between focal length and
wavelength results in a high chromatic dispersion. Here, the optical devices (e.g., FZP) of
inverse correlation between f, and A, are called negative chromatic optics, others are called
positive chromatic optics. To compensate the large negative chromatic dispersion of a FZP, a
refractive lens with positive chromatic dispersion can be applied. For a thin refractive lens
with a single-curved surface (plano-convex), the focal length can be written as follows:

R

n—1

Je = 2

where f,is the focal length, R.is the curvature radius, » is the refractive index. When the
radiation is in the XUV and soft X-ray wavelength range, the refractive index is given by:

n=1-80+if=1-ad’f, +iaA*f, =1- “/12(f —ify). 3)

where |o|&|B|<<1 [20], n

radius, A is the wavelength and f, —if, is the complex atomic scattering factor. Ignoring the

is the electron density per unit volume, 7, is the classical electron

a

imaginary part of the refractive index (no absorption), the focal length of the lens can be
rewritten as follows:

R _ R

L -

“4)

3 One- wave\zone/ . One-wave
Si, N Mo Si, N Mo

Fig. 1. A sketch of the achromatic diffractive-refractive hybrid XUV optics. (a) Ideal zone
plate with totally transparent zone rings and totally opaque zone rings. (b)The principle of
fabrication of micro-lens. (c) Achromatic optical device combined with multilevel zone plate.
(d) Achromatic optical device combined with phase-reverse zone plate.
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Figure 1 shows the schematic representation of our optical device design (so-called
achromatic optical device (AOD)), in which the refractive lens is fabricated on one side of a
100 nm thick Si;Ni; membrane and the multilevel zone plate (MZP) or phase-reverse zone
plate (RZP) is fabricated on the other side. The sketch of ideal FZP with totally transparent
zone rings and totally opaque zone rings is given in Fig. 1(a). Meanwhile, Figs. 1(c) and 1(d)
also give the sketchs of AOD with MZP, or RZP, respectively. These AOD with MZP or
RZP, can be fabricated step by step as shown in Fig. 1(b), which will be able to keep the
single curvature of lens via increasing the steps of fabrication, but also increase the
difficulties of fabrication due to the accuracy for calabration of every step. However, the
detailed process of fabrication will not been discussed in present work. For the AOD as
shown in Figs. 1(c) and 1(d), the equivalent focal length can be written as follows:

LI S SO S 5
f f f. AN(AP? R,

(&)

where f is the equivalent focal length of the AOD. If the derivative of the equivalent focal
length f* with respect to the wavelength 4 becomes zero for a specific refractive material in

the XUV or soft X-ray wavelength range, this new optical device will become fully
achromatic. Assuming this derivative is zero, we will then obtain the following mathematical
relation:

Ju =—(2+D). 6)
.
where D =(df,/dA)-(A/ f,) characterizes the dispersion of the refractive material. Based on
Egs. (2) and (6), if assuming the dipersion D is a constant, the curvature radius of the
refractive lens could be written as follows:

R.=Q2+D)al’ f,f. =2+ D)5 .. @)

The dispersion D tends to be a large positive value near absorption edges in the XUV or soft
X-ray spectral range, as shown in Fig. 2.
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Fig. 2. The atomic scattering factor of Si are plotted against wavelength, three color lines

represent f;, f>, and dispersion defined by D, respectively. (Data from the Center for X-Ray
Optics [30]).
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The dispersion D of Si is approximately 100 around the wavelength of 13.5 nm.
Therefore, it is appropriate to use Si as the material for fabricating the refractive lens to
compensate the high negative chromatic dispersion produced by the FZP with XUV
illumination around 13.5 nm. The curvature radius of the refractive lens can be estimated as
100 pm if the focal length of the FZP is set to | mm and dispersion of material is assumed to
be 100. However, due to the imaginary part of the refractive index of Si (see Fig. 2), it will
produce absorption when the XUV or soft X-ray photons penetrate the refractive lens made
out of Si, thus decreasing the diffractive efficiency of AOD. The Fresnel refractive lens with a
single-surface curvature with a maximum thickness of 10 um can be used to replace the
conventional refractive lens, as shown in Fig. 1. The Fresnel refractive lens consists of
concentric annulus with same curvature and same thickness. When light passes from a
medium (i.e. air) to another medium (i.e. Fresnel refractive lens), the bending of light is only
dependent on the refractive index and the interface between air and lens, the lens thickness
has no effect on the bending of light, thus the Fresnel refractive lens has almost the same
capability of bending light to a focus compared to a conventional refractive lens with more
total thickness, finally reducing the absorption in a Fresnel refractive lens compared to a
conventional refractive lens. Another approach taken is to replace the conventional FZP by a
RZP (See Fig. 1(c)) [31, 32] or MZP (i.e., four-level zone plate) [33], as shown in Fig. 2(b),
as alternative for future technoglogy, which are able to improve the diffractive efficiency
greatly compared to the FZP. The element Mo was chosen for the design of the RZP and
MZP. For the RZP, the thickness of every non-transparent zone was set to 89.5 nm, as shown
in Fig. 1(c). And for the MZP, the thickness of non-transparent zone for each one-wave zone
was designed to be 44.5 nm, 89 nm and 135.5 nm, respectively, as shown in Fig. 1(b).

Using the AOD (see Figs. 1(b) and 1(c)), the attosecond XUV pulses can be focused to a
small spatial spot both on the optical axis (z-axis) and in the focal plane, thus preserving the
temporal structure of an attosecond pulse. It has been known that the diffractive pattern of
monochromatic light produced by a circular aperture can be calculated using the Fresnel-
Kirchhoff diffraction formula. In contrast to monochromatic radiation, attosecond XUV
pulses centered at 92 eV with durations of 120 as and 500 as consist of a broad bandwidth
spectrum. Here we define the full width at half maximum (FWHM) of a Gaussian pulse as
pulse duration and FWHM of corresponding spectra as bandwidth. Therefore, for the 120 as
pulse, it has 15.2 eV bandwidth, and for the 500 as pulse, it has 3.65 eV bandwidth, as shown
in Figs. 3(c) and 3(d).
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Fig. 3. (a) Electric field of an attosecond pulse with a duration of 120 as is plotted against time.
(b) Electric field of an attosecond pulse with a duration of 500 as is plotted against time. (c)
The corresponding spectrum of the pulse in Fig. 3(a). (d) The corresponding spectrum of the
pulse in Fig. 3(b).

When using these pulses to illuminate the FZP and AOD (see Figs. 1), the pulses can be
seen as a composition of continuous spectrum with a certain initial phase. The corresponding
Fourier transformation to the frequency domain is given by the following formula:

E(r,0,w) = i j E(r,t)e” dt. )
0

Therefore, using the reverse Fourier transformation, the time-averaged intensity of attosecond
XUV pulses focused by the FZP can be calculated via the following formula:

=] < Riwn2r ) ei(zn//l)R
Im(x,y,z)zj.qz j j ne'¢E(r,9,w)Tdrd9 do. )
0| =1 R, 0

where A4 is the wavelength, R, and R, , are the radius of zone r; and r,,,, that can be

written in the form of R, =/2(j-1)f4 and R, =+2(j—1/2)f4 , R is the distance

between source point (7,6) on the zone plate and observation point (x,y,z), which can be
described as the following formula:

R=1z* +(rcos@—x)* +(rsin6—y)’. (10)

and ¢ consists of a phase term and an absorption term produced by the lens and can be
written as ¢=i-(2x/A)-n-d , in which d represents the thickness and n the refractive
index of the lens, as shown in Eq. (3) and Fig. 1. 17 represents the amplitude coefficient.
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Besides the time-averaged intensity of attosecond XUV pulse at focus of FZP and AOD,
the temporal structure at focus is also important, which can be calculated as the following
formula:

oo ) 1 iRjH/: 2r " e,‘(z;:/ﬂ,)k 2

I,,(x,y,z,t)=||e"™ — ne“E(r,6,w) drd6d (11)
t ?[ = k‘: J). R

where ¢ is the time of light propagation between the source point on the AOD and the fixed

point in the image coordinate system. Using this equation, we can obtain the temporal

intensity distribution of an attosecond XUV pulse at the first order focus of our AOD.

3. Simulation and discussion

The oscillating electric field of attosecond XUV pulses centered at a wavelength of 13.5 nm
with two different durations of 120 as and 500 as are shown in Figs. 3(a) and 3(b),
respectively, whose peak amplitudes are normalized to 1 and the corresponding spectra are
shown in Figs. 3(c) and 3(d), respectively. The XUV pulse is supposed to have a plane wave
with a Gaussian frequency distribution and have the normalized spatial coherence degree of 1,
and the pulses employed in our paper are Fourier-limited pulses. As shown in Figs. 3(c) and
3(d), a pulse with a duration of 120 attoseconds as shown in Fig. 3(a) has a broader
bandwidth compared to the pulse with a duration of 500 attoseconds as shown in Fig. 3(b),
which implies a shorter pulse duration in the time domain but more spectral components in
the corresponding frequency domain. Next, three different designs of optical devices will be
discussed. First the conventional FZP that consists of 120 transparent half-wave zones (whose
radius is 56.8 pm and outermost width is 118 nm), as shown in Fig. 1(a), second the AOD
consisting of MZP with 120 one-wave zones (see Fig. 1(c)) and third the AOD consisting of
RZP with 120 half-wave zones (see Fig. 1(d)). Figure 4(a) shows the time-averaged intensity
distribution of an attosecond XUV pulse with a duration of 120 as by the FZP and other two
different kinds of AODs along the optical axis (i.e., z-axis), using Eq. (9). For the case of 120
as XUV pulse illumination, as illustrated in Fig. 4(a), the FZP produces a strong chromatic
dispersion along the optical axis in the image coordinate system, which can degrade the
image quality. In contrast to the FZP, the AODs of either MZP or RZP (see Figs. 1(c) and
1(d)) can greatly decrease the chromatic dispersion along the optical axis in the image
coordinate system. On the other hand, there is not much difference in chromatic dispersion for
these three optical devices in the case of 500 as XUV pulse illumination, as shown in Fig.
4(b). It is obvious that the chromatic dispersion for all three devices is less in the case of 500
as XUV pulse illumination than that of 120 as, since 500 as XUV pulses have a narrower
bandwidth. From Fig. 4(a), we can also observe that compared to the AOD consisting of RZP,
the AOD consisting of MZP can improve the time-averaged intensity while suppressing the
other higher order diffractions (i.e. third order diffraction at 0.3 mm). In comparison to the
FZP design, both AODs have slightly shifted its focus from 1.0 mm to 1.003 mm (not shown
in Fig. 4(a)) due to the refractive effect of the lens, which can be obtained from Eq. (5).
Meanwhile, the focus of AODs in the case of 500 as XUV pulse illumination is shifted to
1.01 mm (not shown in Fig. 4(b). The different positions of the focus between the cases of
Figs. 4(a) and 4(b) can be explained by the different spectral components of XUV pulses
because of different pulse durations.
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Fig. 4. The time-averaged intensity distribution along the optical axis of FZP, MZP with lens,
and RZP with lens, respectively (a) in the case of illumination of 120 as XUV pulse, (b) in the
case of illumination of 500 XUV pulse.

Figures 5(a) and 5(b) present the corresponding time-averaged intensity off-axis of Figs.
4(a) and 4(b) at the focus (i.e., R-axis on the focal plane) using Eq. (9). Here, the full width at
half maximum (FWHM) of the focused light intensity profile on the focal plane was utilized
to define the spatial resolution of these optical devices under illumination of pulses with
different durations. In case of the 120 as pulse, as shown in Fig. 5(a), the FZP has a spatial
resolution of 126 nm and both AODs of either MZP or RZP have a spatial resolution of 116
nm. Therefore, it implies that AODs can obtain a higher spatial resolution compared to the
FZP. Similarly, for the case of a 500 as pulse, the FZP has a spatial resolution of 126 nm and
both AODs have the same spatial resolution of 118 nm on the focal plane, as shown in Fig.
5(b). Comparing Figs. 5(a) and 5(b), we can conclude that the pulse duration hardly has an
influence on the spatial resolution. Furthermore, we also find that longer a pulse duration can
achieve much higher time-averaged intensity for the optical devices.
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Fig. 5. The time-averaged intensity distribution off-axis of FZP, MZP with lens, and RZP with
lens, respectively, (a) in the case of illumination of 120 as XUV pulse, (b) in the case of
illumination of 500 as XUV pulse.

Besides the time-averaged intensity on and off-axis of diffractive patterns as shown in
Figs. 4 and 5, the temporal structure of a focused XUV pulse at the focus of these optical
devices is also a very important parameter to be studied. Using Eq. (11), the temporal
intensity distribution of a focused XUV pulse against time at the focus for these three optical
devices under the illumination of pulses with durations of 120 and 500 as was obtained, as
shown in Figs. 6(a) and 6(d), respectively. Here, we also used the FWHM of the focused
XUYV intensity profile versus time to define the temporal structure of the XUV pulse at focus
(i.e., the duration of the focused XUV pulse at focus). Figure 6(a) shows that a pulse with
5.25 fs at focus is produced upon the 120 as illumination on the FZP. In contrast, AODs of
either MZP or RZP produces a pulse of only 230 as at focus for the case of the 120 as pulse,
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in which the temporal structure of the incident XUV pulse is almost preserved. It is also
shown that AOD of MZP could obtain a higher peak intensity than AOD of RZP. For the case
of the 500 as pulse in Fig. 6(b), it shows the similar results as in Fig. 6(a). A pulse with a
duration of 5.17 fs at focus is produced when employing FZP, and a shorter pulse duration of
535 as is obtained using both AODs of MZP and RZP, respectively. It is the same case here
that the 500 as pulse could achieve a much higher peak intensity at focus compared to the 120
as pulse. According to the Huygens-Frensel principle, when a single attosecond XUV pulse
illuminates the FZP, the subpulses from different transparent zones propagate to the focus and
constructively interfere. Due to the optical path difference (OPD) between different
transparent zones and focus, it will produce a time delay at focus among subpulses from
different transparent zones, consequently producing a longer pulse with a lower peak
intensity. However, as shown in Fig. 1, when employing both AODs of either MZP or RZP,
OPD at focus among subpulses from different zones can be compensated via the lens, thus,
compressing the pulse duration and improving its peak intensity compared to the case of FZP.
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Fig. 6. The temporal intensity distribution at focus of FZP, MZP with lens, and RZP with lens,
respectively, (a) in the case of illumination of 120 as XUV pulse, (b) in the case of
illumination of 500 as XUV pulse.

It is well known that the spatial resolution of a FZP is dependent on the outermost zone
width. Therefore, the more zones of a FZP we fabricate, the higher spatial resolution of a FZP
we can obtain. For the AODs, the spatial resolution is also dependent on the outermost zone
width of MZP or RZP on the one side of AODs. In order to get a higher spatial resolution as
well as to preserve an ultrashort XUV pulse at focus of the AOD, the temporal structure of the
focused XUV pulse at focus of the AOD was investigated for different zone numbers. Figures
7(a)-7(d) show the temporal intensity distribution of the focused XUV pulse at focus upon
120 as pulse illumination on AODs of MZP with different zone numbers. When the zone
number is 50, as shown in Fig. 7(a), the peak intensity of the focused XUV is approximately
0.4 that is smaller than the peak intensity of the incident XUV pulse (peak intensity of
incident XUV pulse is 1). Increasing the zone number from 50 to 130, as shown in Figs. 7(b)-
7(d), the peak intensity of the focused XUV pulse increases from 0.4 to 140. When the zone
number is increased to 100, the peak intensity reaches a plateau (i.e., 140), which can be
attributed to the high average absorption of the lens when an XUV pulse passes through the
lens. The larger the zone number of the AOD, the bigger is the diameter of the AOD, and the
larger is the corresponding average thickness of the lens, thus, producing the high average
absorption of the lens when an XUV pulse passes through it. Compared to Figs. 7(c) and 7(d)
show that varying the zone number from 100 to 130 hardly increases the peak intensity, but
can produce double pulses at focus, where the time delay between two pulses is about 3 fs.
Therefore, to get a higher spatial resolution and preserve a single pulse with short duration at
focus, the AOD of MZP with 120 zones is the appropriate option.
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Fig. 7. Temporal intensity distribution of the focused XUV pulse at focus, using the pulse with
a duration of 120 as, (a) with 50 zone rings, (b) with 100 zone rings, (c) with 120 zone rings,
(d) with 130 zone rings.

4. Conclusion

We have investigated and proven the feasibility of lowering the chromatic dispersion of a
Fresnel zone plate under the illumination of broadband attosecond XUV pulses by a special
AOD design. Our AOD is a combination of refractive lens and MZP or RZP fabricated on
both sides of a 100 nm thick Si;Ni; membrane. Theoretical results show that the time-
averaged intensity distribution of lower chromatic dispersion along the optical axis of AODs
can be achieved with XUV pulses of 120 as and 500 as. The time-averaged intensity
distribution off-axis on the focal plane also shows that the spatial resolution can be improved
from 126 nm for the FZP down to 116 nm for the AODs in case of a 120 as XUV pulse, and
down to 118 nm for the AODs in case of a 500 as XUV pulse, respectively. Besides the lower
chromatic dispersion and higher spatial resolution, AODs can also conserve the temporal
pulse structure of 230 as and 535 as at focus, for both 120 as and 500 as pulses, respectively.
This AOD design promises a great potential and practical application in time-resolved
photoemission XUV microscopy and scanning transmission XUV microscopy, e.g., time-
resolved photoemission XUV microscopy in realizing high spatial resolution of 116 nm,
while preserving the temporal pulse structure from few hundreds of attoseconds to few
femtoseconds.
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