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Abstract. X-ray lenses are fabricated in polymethyl methacrylate using deep X-ray lithography
beamline of Indus-2. The focussing performance of these lenses is evaluated using Indus-2 and Diamond Light Source Ltd. The process steps for the fabrication of X-ray lenses and microfocussing
at 10 keV at moderate and low emittance sources are compared.
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1. Introduction
Two decades back, refractive optics for focussing of X-ray was considered impractical, as
in this region refractive index is slightly less than unity and absorption is high [1]. With
the surge in microfabrication technology, the possibility of developing X-ray refractive
lens became viable. The first design for the fabrication of X-ray refractive lens was proposed by Tomie [2], pointing out the advantages of such optics compared to reflecting and
diffracting X-ray optics. To compensate for weak refraction, many lenses were stacked
together. The first refractive lenses for hard X-rays were fabricated and tested by Snigirev
et al [3]. They drilled a series of cylindrical holes in aluminium with a radius of curvature of 300 μm and for 14 keV X-rays obtained a focal spot size of 8 μm. The focal
spot depends on source size, demagnification and the aberrations. Cylindrical surface
has spherical aberrations leading to the higher focus spot size. The spherical aberrations
can be removed by using parabolic profiles leading to ∼100 nm X-ray focus and below
using silicon and diamond refractive lens materials [4]. Many groups are involved in the
development of X-ray lenses in various materials such as Be, Li, B, C, Al, Si etc. using
micromachining or lithography process.
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Deep X-ray lithography (DXRL) is a promising technique for the precise microfabrication of optical element with high aspect ratio and has been used to develop X-ray lenses
in polymethyl methacrylate (PMMA) and SU-8. The materials of interest for X-ray lens
can also be filled in cavity formed in PMMA or SU-8 by electrodeposition route. The first
reported lens structure in PMMA was by Kupka [5]. Zhang demonstrated microfocussing
of 10 keV by a single PMMA refractive lens [6]. PMMA and SU-8 X-ray lenses with
kinoform profile with segments as small as 2 μm and aspect ratio of 50 were fabricated
by Nazmov [7].
Indus-2 is at present operating at 2.5 GeV and 100 mA ring current. A beamline
dedicated to soft and deep X-ray lithography process is operational for developing high
aspect ratio microstructures in polymers. Using this beamline, the development of high
aspect ratio X-ray refractive lens is initiated. PMMA has lower radiation resistance compared to SU-8 [8]. However, the advantage of PMMA is its excellent side wall roughness.
X-ray lenses made of PMMA are interesting options for microfocussing experiments
using monochromatic X-rays at low photon intensity. In this paper, we present the work
carried out for developing PMMA X-ray lenses of parabolic profile. These lenses were
produced for the first time in the country using DXRL and characterized at Indus-2. The
same lenses were also tested at low emittance storage ring at Diamond Light Source
(DLS) Ltd, UK.
2. Fabrication of lenses
In India, development of refractive X-ray optics has been sowed with the development
of X-ray lithography beamline in Indus-2. It is planned to develop various X-ray optical elements, such as refractive lenses, X-ray zone plates and X-ray gratings using this
facility.
2.1 Design of X-ray lenses
All materials in the X-ray region have very small refractive index decrement and strong
absorption. The refractive index (n = 1 − δ + iβ) is slightly less than unity in the X-ray
region. The refractive index decrement δ (∼10−6 ) describes the strength of refraction with
respect to vacuum. The imaginary part β (∼10−8 ) is related to the absorption of X-rays
in the medium. Owing to small refraction effects in the medium at X-ray wavelengths,
the converging power of the lens is very small. The focal length of refractive lens in thin
lens approximation is given by f = R/2δ when R is the radius of curvature of lens at the
apex. For PMMA, at 10 keV, δ = 2.5 × 10−6 and if we consider R = 500 μm, the focal
length for a single lens will be ∼100 m. This focal length is impractical for performing experiments using X-ray beamlines. Focal length can be reduced by increasing the
number of individual lenses (N), which will give N times shorter focal length fN = f/N
and are referred to as compound refractive lens (CRL). With higher number of lenses,
the focussing power of the lens increases due to 2N refraction but effective transmission
decreases due to absorption in the lens material, thus necessitating a high brightness Xray source. For an efficient lens, one needs higher refraction δ and lower absorption β.
δ/β is the figure of merit that can be used as a criterion to choose the lens material for
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given photon energies. Higher the ratio, higher the numerical aperture and better will be
the resolution. Figure 1 shows δ/β for various CRL materials of interest. It is obvious
that higher Z materials will be of little use for CRL manufacturing due to lower values of
δ/β. It is clear that for reasonable transmission, low Z materials are preferred. Lithium
is the best material to choose, followed by beryllium, carbon, carbon containing low Z
atoms (SU-8 and PMMA) and silicon. CRL using lithium is difficult to fabricate as it
has to be kept in an environment free of oxygen and water. Be is an interesting material but difficult to handle due to its toxicity. At low X-ray energies (below 12 keV), Be
and Li are better materials because the absorption of X-ray inside a lens material is primarily due to photoelectric absorption. At higher energy, Compton scattering dominates
causing blur in the focussed spot [9]. In photon energy 12–20 keV region, materials like
PMMA and SU-8 are very useful propositions and the same argument is valid for silicon
at higher energies. DXRL can produce micropatterns of CRL with high-profile accuracy,
low sidewall roughness and high aspect ratio in PMMA and SU-8.
The performance of the CRL is characterized by focussing properties and transmission efficiency. These are affected by structural and material properties such as lens
profile, radius of curvature at the apex, thickness of the lens profile at the apex, number
of lenses, surface roughness, density and optical constants. A typical design of singleelement parabolic lens is shown in figure 2 where X-rays are incident from the left side
and transmitted through lens to the right side. As the refractive index in the X-ray region
is less than unity, for focussing, the profile is concave rather than a convex profile used for
visible light focusing. Along the biconcave edges, incident X-rays undergo refraction and
converge at a focal plane due to the variation of refractive index between the material and
air. A refractive lens of parabolic profile does not suffer spherical aberration and has been

Figure 1. Figure of merit δ/β for various X-ray lens materials with respect to photon
energy.
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Figure 2. Single-element parabolic refractive lenses.

used in X-ray microscopes due to better resolution required in imaging. In the present
study, parabolic CRLs are designed with a radius of curvature of 200 μm. Numbers of
lenses N = 1, 2, 5, 10, 20 and 50 are fabricated in PMMA. The radius of the concave
surface at the apex is R = 200 μm and geometrical aperture 2R0 = 400 μm for a focal
length of ∼1 m. The thickness d of the lenses at the apex is 20 μm. After standardization
of the X-ray lithography process on Indus-2, smaller d values should be possible.
The fabrication of the X-ray mask is essential for X-ray lithography. Fabrication of an
X-ray mask requires a very thin membrane, of an X-ray transparent low Z material with
patterned high-Z X-ray absorbing material. Mask should have enough dose contrast to
produce the structures in PMMA, higher mechanical and thermal stability in high heat
load synchrotron beam and good radiation resistance. In the present study, low-cost route
of X-ray mask fabrication was followed. The technique for fabrication of X-ray mask
is shown step by step in figure 3. Flat and polished 100-mm-diameter brass wafer of
300 μm thickness is used as the base substrate. 20 μm thick positive resist AZ4903 is
spin-coated and prebaked at 120◦ C for 3 min. Chrome on the glass plate is used as a
photomask to pattern the refractive lens pattern on the resist using 405 nm UV light. Gold
layer of 12 μm thickness is electrodeposited using commercially available noncyanide
gold plating solution (Neutronex 309) [10]. Brass wafer with gold plating is spin-coated
with polyimide solution and cured at a temperature of 350◦ C. To support the membrane
and for easy handling of the X-ray mask, an annular steel ring of 100 mm diameter is
fixed on the polyimide side. Finally, the entire wafer was kept in nitric acid for etching.
The fabricated X-ray mask is shown in figure 4.
2.2 Fabrication of PMMA CRLs at Indus-2
X-ray lithography is the most suitable technique for fabricating high aspect ratio with
discrete profiles and structural depth greater than 1 mm with vertical sidewall surface
roughness below 20 nm [11]. X-ray lithography beamline (BL-07) on Indus-2 is used
for fabricating CRLs [12]. Preliminary fabrication of PMMA CRL is reported earlier
[13]. The processes of high-aspect-ratio fabrication for various depths in PMMA are
122
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Figure 3. Polyimide mask fabrication process: (a) photoresist is spin-coated on metal
substrate, (b) exposure of resist using UV source, (c) the exposed resist is developed, (d) resist mould is electroplated with gold, (e) unexposed resist is removed
and polyimide is spin-coated on gold electrodeposited metal wafer, (f) stainless steel
ring (black) is fixed from polyimide side and (g) finally the metal substrate is etched
to prepare the X-ray mask.

standardized for the present X-ray lithography beamline. X-ray exposures are carried out
in 3–10 keV region selected using two X-ray mirrors kept at grazing incidence angles.
The total power density available in this energy window after the polyimide membrane is
∼8 mW/cm2 and, after gold-absorbing layer of X-ray mask, reduced to ∼7 μW/cm2 .
On X-ray irradiation the main molecular chain of PMMA breaks. The irradiated PMMA
has lower molecular weight and dissolves in the organic developer. A dose between 3
Pramana – J. Phys., Vol. 83, No. 1, July 2014
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Figure 4. Developed X-ray mask for the fabrication of PMMA CRL as per the design.

and 3.5 kJ/cm3 is sufficient to dissolve the PMMA sheets at the bottom part and top dose
should not exceed beyond 20 kJ/cm3 . Hence dose contrast ratio of ∼5 between top and
bottom layers of resist is ideal to protect the PMMA top layer from thermal foaming.
In the present study, commercially available pre-casted PMMA sheets CLAREX (M/s
Nitto Jushi Kogyo Company Ltd, Japan) of 0.5 mm and 0.8 mm thicknesses are used.
After exposure, the PMMA sheets are developed in GG developer solution consisting of
diethylene glycol butyl ether (60%), morpholene (20%), ethanolamine (5%) and water
(15%) [14] and rinsed in diethylene glycol butyl ether (80%) and water (20%) solution.
The exposure dose given to PMMA is characterized in terms of the electron current stored
in the storage ring times the time for which exposures are carried out and the unit is
expressed as Ampere-second (A·s). PMMA sheets are exposed for different exposure
dose ranging from 30 A·s to 300 A·s to obtain 100–1200 μm etched depth. Figure 5
shows the SEM micrograph of the developed PMMA CRLs.

3. Lens characterization at Indus-2
Schematic of the experimental set-up used for lens characterization at BL-16 is shown
in figure 6. The details of beamline configuration are given by Tiwari et al [15].
The monochromatic X-rays from Si(111) double-crystal monochromator are allowed to
impinge on PMMA CRLs through a Ta aperture. The CRLs are mounted in vertical
focussing geometry on a precision platform with 5 degrees of motion (vertical, horizontal,
pitch, roll and yaw). Initially, the SR beam upstream and downstream of CRLs is checked
using a self-developing X-ray film. The self-developing films are exposed only for 10 s
in the beam to avoid saturation of the developed spot. The film is kept 1 m away from the
124
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Figure 5. SEM micrograph of PMMA X-ray lens with geometrical aperture of
400 μm radius, 100 μm at apex and etched depth of 150 μm.

lens to determine the microfocus line image. Pitch, yaw and roll movements are adjusted
for obtaining the best focus. The vertical focussed spot and incident beam size are shown
in figures 7a and 7b, respectively. The incident beam size is 300 × 400 μm2 which is
focussed by CRL to a line focus of 300 × 20 μm2 . In this measurement, demagnification
is 20.
In the second step, X-ray CCD is used to observe the microfocus of CRL. The CCD
image of the focus spot is shown in figure 8. The measured focus spot size is found to be
∼20 μm for 10 keV X-rays.
4. Lens characterization at DLS
DLS is a third-generation high-brightness synchrotron radiation facility with very low
electron beam emittance (∼2.74 nm rad). The PMMA lens is also characterized on
Diamond’s B16 Test beamline [16]. This is a flexible and versatile beamline for the

Figure 6. Schematic set-up adopted for X-ray lens characterization at BL-16, Indus-2.
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Figure 7. (a) Focussed line spot for 10 keV monochromatic X-rays, observed at 1 m
downstream to CRL (N = 50) is 20 μm (vertical) and 300 μm (horizontal). (b) Incident beam observed at focal point using the film. Vertical size is 400 μm and horizontal
size is 300 μm.

characterization of optics, detectors and other instrumentation, and for development of
novel techniques and technologies. The beamline provides both white and monochromatic X-ray beams in the 4–25 keV photon energy range. X-rays of 10 keV energy,
monochromatized by a Si(1 1 1) double-crystal monochromator, are used for the characterization of the fabricated 1D planar lenses. The lenses are set up on a versatile
optics table available in the experiment hutch of the beamline. The optics table has three
multiaxis motorized stations for installing the optics, the diagnostics and the beamline
detectors. The lenses with same profiles which were used at Indus-2 BL-16 are used. For
126
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Figure 8. Vertically focussed line spot observed in X-ray CCD at focal plane of CRL.
This CCD image validates the microfocus line shown in figure 7a.

these tests, a PMMA CRL with N = 50 with an etch depth of 500 μm is mounted on
the diagnostics station in a vertical focussing geometry. An X-ray CCD detector that had
an effective pixel size of 6.5 μm is used for the initial alignment of the lens. For precise
measurement of the microfocussed beam size, knife-edge scans using a 200-μm-diameter
gold wire attached to a piezotranslation stage for fine motion control and a photodiode
downstream to record the X-ray intensity is used. The X-ray CCD detector and the wire
scanner are installed downstream of the lens on the detector station of the optics table.
Multiple wire scans are performed to optimize the focal length and for fine adjustment of
the lens. The focal length of the lens is greater than expected at 10 keV (920 mm against
755 mm). This is perhaps due to the difference in the bulk density of PMMA and the density of the pre-casted PMMA sheets. The derivatives of the wire scans gave the beam size.
The raw data and the derivative for the best-achieved focus size are shown in figure 9. The
measured FWHM size of the microfocussed beam is 2 μm. For a theoretical comparison,
when using a lens with a 920-mm focal length, to image a 70-μm source at 47 m, the demagnified image would be expected to be 1.4 μm. Consequently, an extra contribution of
about 1.5 μm exists, which can be attributed to the shape and inhomogeneity of the lens.
Pramana – J. Phys., Vol. 83, No. 1, July 2014
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Figure 9. Transmission signal from a gold wire scan (black line) in the focal plane of
the planar PMMA refractive microfocussing lens, measured at 10 keV photon energy.
The derivative of the raw data (blue dots) and a Lorentzian fit (red line) are also shown,
indicating that the beam has an FWHM of 2.0 μm.
Table 1. Comparative performance of X-ray lenses on two synchrotron radiation
sources: Diamond and Indus-2.
Synchrotron
radiation
source
Diamond
Indus-2

δ (10−6 )
at 10 keV

β (10−9 )
at 10 keV

Distance
between source
and lens (m)

Source
size (μm)

2.67
2.67

3.54
3.54

47
20

70
232

Vertical focus spot (μm)
Calculated
Measured

1.4
13.5

2.0
20.0

Table 1 gives the comparison of microfocussing characterization of PMMA CRL carried out at two synchrotron radiation sources. It is apparent that for the same set of lenses,
the performance at low emittance storage ring Diamond is found to be better. X-ray lens
characterization at low emittance machine has given valuable inputs to improve further on
the design aspects. X-ray lenses are being fabricated in SU-8 and the microfocussing test
will be performed at Indus-2 and Diamond. Particularly low-emittance-source Diamond
will help to improve the development of X-ray lenses.

5. Conclusions
X-ray refractive X-ray lenses have been fabricated using DXRL for the first time in the
country. These lenses are fabricated in PMMA sheets of 0.5 mm and 0.8 mm thickness
128

Pramana – J. Phys., Vol. 83, No. 1, July 2014

Microfocussing of synchrotron X-rays
with N up to 50 lenses. These lenses are tested at Indus-2 and Diamond and provided
the line focus of minimum FWHM 20 μm and 2 μm, respectively. With a geometrical
aperture of 400 μm, effective aperture of the developed PMMA lense is found to be
200 μm with reasonable gain. These types of lenses are early development in PMMA
and process and material choice are being optimized. The use of low emittance source
(Diamond) for lens characterization has given vital feedback for quality improvement of
the X-ray lenses.
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