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A new prism-array lens for high-energy X-ray focusing has been constructed

using an array of different prisms obtained from different parabolic structures

by removal of passive parts of material leading to a multiple of 2� phase

variation. Under the thin-lens approximation the phase changes caused by this

lens for a plane wave are exactly the same as those caused by a parabolic lens

without any additional corrections when they have the same focal length, which

will provide good focusing; at the same time, the total transmission and effective

aperture of this lens are both larger than those of a compound kinoform lens

with the same focal length, geometrical aperture and feature size. This geometry

can have a large aperture that is not limited by the feature size of the lens.

Prototype nickel lenses with an aperture of 1.77 mm and focal length of 3 m

were fabricated by LIGA technology, and were tested using CCD camera and

knife-edge scan method at the X-ray Imaging and Biomedical Application

Beamline BL13W1 at Shanghai Synchrotron Radiation Facility, and provided a

focal width of 7.7 mm and a photon flux gain of 14 at an X-ray energy of 50 keV.

1. Introduction

X-ray refractive lenses have created their own space in X-ray

focusing after being demonstrated by Snigirev et al. in 1996

(Snigirev et al., 1996). However, this kind of lens also has

substantial limitations arising from a noticeable decrease of

radiation intensity along the beam trajectory and quite tiny

refraction. The weak refractive effect is overcome by stacking

a large number of lenses in series, known as a compound

refractive lens (CRL) (Snigirev et al., 1996, 1998; Lengeler et

al., 2001; Schroer et al., 2003), while the most radical way to

overcome the limitation connected with the loss of radiation is

the development of special kinoform lenses (KLs, also known

as Fresnel-like lenses), which are realised by removing passive

parts of material where the phase variation is a multiple of 2�
and are composed of a series of tooth-like segments (Aristov

et al., 2000; Evans-Lutterodt et al., 2003, 2007). In these typical

KLs, the tooth-like structures in the middle are sparse and

have large widths, while those further away from the middle

are dense and have smaller widths. Actually, the aperture of a

KL is strongly limited by its fabrication challenges, as the

feature size (e.g. width) of the tooth-like segments on two

sides are smaller and smaller which becomes difficult to

fabricate. To avoid the inconvenience of the fabrication of

small tooth-like segments of KLs, prism-array lenses

composed of identical triangle structures of the same width

were first proposed by Jark et al. (2004), and a simple

correction was applied to the outermost prism side-walls to
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realise ideal focusing. Cederström et al. (2005) presented a

more general modification of the multi-prism lens and quasi-

parabolic profiles were obtained. Prism-array lenses have

fewer segments in the middle but more at the two sides, and

were shown to efficiently refract X-rays as expected (Jark et

al., 2004; Cederström et al., 2005; Simon et al., 2008; Nazmov et

al., 2013).

In this paper we propose a new design of prism-array lens

(PL) with large aperture for high-energy X-ray focusing,

which differs from those mentioned above. It is not composed

of identical triangles but of different parabolic elements

obtained from different parabolic profiles. Under the thin-lens

approximation, the phase changes caused by a PL for a plane

wave are exactly the same as those caused by a parabolic

refractive lens (PRL) or a KL without any additional correc-

tions when they have the same focal length. This geometry can

have a large aperture that is not limited by the feature size of

the lens and will provide good focusing for high-energy X-rays.

2. Theory

2.1. Design

KLs are formed by removing excessive material from one

parabolic profile refractive lens, while PLs are obtained from

different parabolic profiles, as shown in Fig. 1(a) (the thin-

lens approximation and only one-dimensional focusing are

considered). The width of a tooth-like segment is �r(n, m),

where n is the order of different parabolic profiles and m is the

order of tooth-like segments obtained from the same para-

bolic profile. The height of the tooth-like segment is h, and

h = �/�, corresponding to the 2� phase change, where � is the

refraction index decrement. We assume that the smallest

�r(n, m) is �, which can be successfully fabricated within the

tolerance of the state-of-the-art production technology, and

the desired focal length of the lens is f. The profile of a PRL

with focal length f is

y ¼ x2=ð2�f Þ; ð1Þ

while for a compound refractive lens with number N and focal

length f the focal length of each single lens is fN and the profile

of each single lens is

y ¼ x2=ð2�f NÞ: ð2Þ

First, let N = 1, then the lens profile is y1 = x2/ (2�f � 1). Then

material leading to a multiple of 2� phase relative to the origin

point C1(0, c1), where c1 = 0, is removed until the width of the

tooth-like segment �r(1, n1) is larger than or equal to � and

�r(1, n1 + 1) is smaller than �. The width of the n1th tooth-

like segment obtained from the first parabolic profile is

�r 1; n1ð Þ ¼ r 1; n1ð Þ � r 1; n1 � 1ð Þ

¼ 2�f n1ð Þ
1=2
� 2�f n1 � 1ð Þ
� �1=2

; ð3Þ

where r(1, n1) is the position of the last tooth-like segment on

the x axis. If even �r(1, 1) is smaller than �, let r(1, n1) = 0 and

go to N = 2 directly.

Second, let N = 2 from point C2[r(1, n1), c2] [black point in

Fig. 1(a)], where c2 = r(1, n1)2/(2�f� 2), and the profile of each

parabolic lens changes to y2 = x2/(2�f � 2). The material

causing a multiple of 2� phase and an additional phase ’ =

2��c2/� relative to point O for each profile is removed. Then

the total additional phase relative to the origin point ’N

(N = 2) is

’N ¼ N’ ¼ 2
2��

�

r 1; n1ð Þ
2

2�f � 2
¼ 2�n1; ð4Þ

which is also a multiple of 2� and will not destroy the focusing.

The removal will stop when �r(2, n2) is larger than or equal to

� and �r(2, n2 + 1) is smaller than �. The width of the n2th

tooth-like segment obtained from the second parabolic profile

is

�r 2; n2ð Þ ¼
�
2�f N2n2 þ 2�f N2c2

�1=2

�
�
2�f N2 n2 � 1ð Þ þ 2�f N2c2

�1=2
: ð5Þ

If even �r(2, 1) is smaller than �, let r(2, n2) = r(1, n1) and go

to N = 3 directly.

The remainder can be done in the same manner with N

increasing. As a result, the number of tooth-like segments

obtained from the same profile will have the same group

number N. All these tooth-like segments are rearranged

regularly forming an X-ray focusing lens, shown in Fig. 1(b).

The total additional phase difference caused by the material

removed from the Njth profile relative to the origin point

O(C1) is
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Figure 1
The derivation of a PL from different parabolic profiles. The tooth-like
segments with the same colour are obtained from the same parabolic
profiles. (An example: n1 = 1, n2 = 2, n3 = 1; N1 = 1, N2 = 2, N3 = 3.)



’Nj
¼ Nj2��cj=�

¼ 2� Nj�1nj�1 þ Nj�2nj�2 þ . . .þ N1n1

� �
; ð6Þ

where N and n are integers. The total additional phase

differences are also an integer multiple of 2�, which will not

destroy the focusing. Therefore, the phase changes caused by

the PL are the same as those caused by a PRL or KL with the

same focal length.

2.2. Comparison with a compound KL

The total transmission T is defined as the ratio of the power

incident on the lens to that behind the lens,

T ¼

R x2

x1
I0ðxÞtðxÞ dx

R x2

x1
I0ðxÞ dx

; ð7Þ

where I0(x) is the intensity distribution of the X-rays incident

on the whole aperture of the lens, x1 < x < x2, t(x) =

exp[��f(x)] is the intensity transmission function through the

lens, f(x) is the lens profile, and � is the total linear absorption

coefficient. The effective aperture is defined as the width of slit

that would transmit an equal amount of power (Lengeler et al.,

1999), which is the integration of the transmission function t(x)

throughout the whole lens aperture x1 < x < x2,

Aeff ¼
Rx2

x1

tðxÞ dx: ð8Þ

Under the condition of the same fabrication capacity, i.e. the

smallest segment width � that can be successfully fabricated,

when a compound KL (CKL) and a PL have the same focal

length f and geometrical aperture Ag, the number of the

outermost group of tooth-like segments Nout of the PL equals

the group number of the CKL N. There are fewer tooth-like

segments of the PL in the middle than the CKL, which leads to

the fact that the whole transmission T and the effective

aperture of the PL are larger than those of the CKL.

A numerical example is taken to show comparisons of the

total transmission T and the effective aperture Aeff of a PRL,

CKL and PL with the same focal length f = 3 m, geometrical

aperture ’ 1.77 mm and smallest segment width � = 10 mm,

and these lenses are all made of nickel working at 50 keV. The

group number of the CKL N = 119, and the number of the

outermost group of the PL Nout = 119. Results are shown in

Table 1. Obviously, when these lenses have almost the same

geometrical aperture, the effective aperture of the PL is

537.0 mm which is two times larger than 246.1 mm of the CKL

and almost seven times larger than 77.8 mm of the PRL.

Fig. 2 shows intensity profiles at the focal length of the CKL

and the PL mentioned above when the incident light is a plane

wave, which are simulated by the Fresnel–Kirchhoff integral

(Born & Wolf, 1999). The PL realises good focusing in theory,

and the maximum intensity at the focus of the PL is 3.3 times

higher than that of the CKL.

Fig. 3 shows the relationship between the geometrical and

effective aperture at different fabrication limits �. For a fixed

fabrication limit, the geometrical aperture of the PL can be

enlarged by adding more tooth-like segments on two sides,

leading to the enlargement of the effective aperture. More-

over, when the fabrication limit � is decreased, the effective

aperture of the PL will be larger for a constant geometrical

aperture, which implies the focusing performance of the lens

will be improved with the progress of the fabrication tech-

nology. The parameters for nickel material used in simulations

are as follows: � = 7.07395 � 10�7 and � = 22.0178 �

10�4 mm�1 at 50 keV.
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Table 1
Comparisons of the effective aperture and total transmission of the PRL,
CKL and PL with the same geometrical aperture (@50 keV, f = 3 m and
� = 10 mm).

PRL CKL PL

Geometrical aperture (mm) 1772.6 1765.2† 1772.6
Effective aperture (mm) 77.8 246.1 537.0
Transmission 0.8% 13.9% 30.3%

† The geometrical aperture of the CKL is slightly different from the PRL and PL
because of the limitation of � = 10 mm.

Figure 2
Intensity profiles at the focal length of the CKL and PL with the same
aperture ( f = 3 m; � = 10 mm; aperture: 1.7 mm; working energy: 50 keV;
material: nickel).

Figure 3
Relationship between the geometrical and effective aperture for different
fabrication limitations � ( f = 3 m; working energy: 50 keV; material:
nickel).



3. Fabrication

The fabricated parameters of the prototype PLs are listed in

Table 2. The focal length f = 3 m, and these lenses work at an

X-ray energy of 50 keV; the smallest width of the tooth-like

segment � = 10 mm; the length of every tooth-like segment h =

30.05 mm; the lenses are composed of 5280 tooth-like segments

and the outermost number Nout is 119; the whole geometrical

aperture Ag is 1.77 mm and the total length L is about 15 mm.

The lenses are fabricated by LIGA technology (Bacher et

al., 1998; Nazmov et al., 2005). The ‘fern-like’ profile, where

even (or odd) segments are inverted (Snigireva et al., 2001), is

used to reduce the fabrication difficulties. The main fabrica-

tion processes are as follows. Firstly, an intermediate gold

mask of thickness 1.2 mm is fabricated by means of ultraviolet

lithography technology and Au electroplating. Secondly, a

working mask with a thick gold absorber of 12 mm is formed

using soft X-ray lithography and the intermediate mask.

Thirdly, deep X-ray lithography with the use of a working

X-ray mask and a harder X-ray spectrum compared with that

used in the second step is carried out. After the development,

PMMA structures with 250–400 mm depth are obtained.

Finally, after electroplating nickel, removing PMMA and

polishing, the lens structures are attained.

Lens structures are studied using the scanning electron

microscope (SEM). The SEM images of partial lenses are

shown in Fig. 4. The width of the narrowest part of the tooth-

like segment is about 4 mm. Fig. 4(a) shows that the tooth-like

segments in the middle part of the lens have a translation

along the propagation direction of X-rays, which is designed

to avoid the PMMA structures falling down in the third step

of the fabrication. The translation does not influence the

focusing. In order not to disturb the phase changes caused by

the lens, the bridge which can stabilize the whole structure

(Cederström et al., 2005; Nazmov et al., 2005) is not intro-

duced, clearly shown in Fig. 4(b), which unfortunately leads to

about 10% of the tooth-like segments falling down. The fallen

down segments are missing in the propagation trajectory of

the X-rays shown in Figs. 4(a) and 4(d), and lie on the

substrate shown in Figs. 4(a) and 4(c), which will not refract

the X-rays to a desired direction and worsen the focusing.

4. Measurements

The focusing experiment was carried out at X-ray Imaging and

Biomedical Application beamline BL13W1 at the Shanghai

Synchrotron Radiation Facility, which has a wiggler source and

operates at 3.5 GeV. The polychromatic radiation delivered by

an eight-period wiggler was collimated by a mirror, and then

monochromated to 50 keV by a Si (311) crystal mono-

chromator in Laue geometry with an energy resolution of

about 10�3 keV. The effective source size is about 370 mm

(FWHM) in the horizontal and 23 mm (FWHM) in the vertical.

The tested lens was placed 33 m from the source and was

focusing in the vertical direction. Alignment of the lens was

performed using an X-ray CCD camera with 3.25 mm pixel-

size, which was also used for measurements. Moreover, a

tantalum knife-edge was used for high-resolution beam

profiles. The knife-edge was placed on a stage with the

required rotation/translation degrees of freedom and was

aligned with the X-ray CCD camera.

All the measurements presented here

were made at an X-ray energy of

50 keV, and the lens under test is

depicted in Fig. 4. Using the CCD

camera, the narrowest focal line was

found at a distance of about 3.3 m from

the lens. The demagnification factor is

11:1 and the theoretical width of the

focal line is 2.3 mm (FWHM). The

photon flux gain G is defined as the ratio

of the photon flux in the size of the

FWHM of the focal spot with lens to

that without lens, giving a theoretical

gain G = 159. The intensity map in the

focal plane is shown in Fig. 5(a). The

focal line has a width of 16.2 mm, which

is significantly larger than the theore-

tical one. The ratio of the peak intensity

to the background is 9.5. The photon

flux gain G is 7.2, substantially lower

than that expected from theory. These

can be partly explained by the insuffi-

cient resolution of the CCD camera.
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Table 2
Fabrication parameters of PLs (at 50 keV).

f (m) � (mm) h (mm) Nout Total N Ag (mm) L (mm)

3 10 30.05 119 5280 1.77 15

Figure 4
SEM image of the PL produced by LIGA technology.



The result of a knife-edge scan of the focal line is shown in

Fig. 6. With the improved resolution, the width of the focal line

is measured to be 7.7 mm, and the photon flux gain G is about

14. It is noticed that the width of the focal line is still larger

than the theoretical one, and the gain is lower than the

theoretical value. The major impact on the broadened focal

line and reduction in gain arises from the imperfection of the

fabrication, such as the 10% of tooth-like segments falling

down, the narrowest parts of the tooth-like segments not being

sharp but round, and lens profiles and side-walls not being

ideally perfect, as shown in Fig. 4. Furthermore, the knife-edge

used in the experiment of poor quality would also enlarge the

measurement result of the focal width. Finally, the thin-lens

approximation is introduced without considering geometric

scattering in the lenses (Nillius, 2012) and the edge diffraction

effect of a tooth-like segment (Nazmov et al., 2013), which lead

to efficiency losses.

5. Conclusion

It has been shown that a prism-array X-ray lens can be

obtained from different parabolic profiles with different

parameters, the phase changes for a plane wave caused by

which are accurately the same as those

caused by a parabolic lens without any

additional corrections. Its transmission

and effective aperture are larger than

those of the CKL with the same aper-

ture and smallest width of the tooth-like

segment. The aperture of this lens is not

limited by the smallest width of the

tooth-like segment that can be success-

fully fabricated within the tolerance of

the state-of-the-art production tech-

nology. This design allows short focal

lengths and high X-ray energy while

preserving the feature size of the lens.

The nickel lens made by LIGA with

1.77 mm aperture and about 400 mm

depth provided a focal line width of

7.7 mm. Fabrication imperfections and poor quality of knife-

edge broadened the focal width and limited the flux gain to 14

for one-dimensional focusing. In the future, we will improve

the fabrication process to enhance the focusing gain, espe-

cially to avoid tooth-like segments breaking down. Actually,

although nickel is not quite suitable for an energy of 50 keV

but for higher energy (>80 keV), the paper demonstrates a

new design for the prism-array lens which acts better than the

traditional kinoform lens, and this design can be introduced

either to light materials for lower energy or to heavy materials

for higher energy. The prism-array lens with micro-focusing at

high X-ray energy has great potential in micro-diffraction

mapping techniques like near-field high-energy diffraction

microscopy (Suter et al., 2006) and pair distribution function

measurements at high pressure using a diamond anvil cell

(Hong et al., 2016), etc.
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