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A new type of x-ray lens composed of multi-square polycapillary slices (ASPXRL) used in focusing parallel x-ray
beam was presented in this paper. Compared with conventional x-ray polycapillary lens, ASPXRL can provide smaller and
brighter focus. The effects of the manufacturing imperfections on focusing quality of ASPXRL were evaluated with the
values of transmission efficiency and discussed. It is suggested that ASPXRL has application prospects as a condenser lens
for x-ray microscopy and flux collectors for x-ray analytical instruments.

Keywords: x-ray optics, polycapillary x-ray lens with square channels
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1. Introduction

The x-ray optics has grown rapidly in recent years to sat-
isfy numerous actual applications. As an important branch
of x-ray optics, different kinds of optical elements have
been developed to transport radiation from source to sam-
ple. These optical elements include K-B mirror optics,!!

2]

lobster-eye lens,!”! x-ray multilayer mirrors,l¥! polycapil-

lary lens,!* and so on. They can provide more power-
ful, highly concentrated or approximately monochromatic
beams through different controlling mechanisms. As one
kind of widely used optical elements for all types of x-ray
analysis, x-ray polycapillary lenses illustrated their utility
in x-ray lithography,l! x-ray astronomy,!® x-ray diffraction

B8] medicine,®! and other sci-

analysis,!”! x-ray fluorescence,
entific fields.

Polycapillary x-ray lenses have been used cooperatively
with conventional x-ray sources successfully. These lenses
are fabricated with bundles of hollow glass capillary tubes.
They focus, collimate and filter x-ray radiation based on the
principle of total external reflection (TR). Collimating poly-
capillary optics (CPO) can convert a highly divergent beam
into a quasi-parallel beam with small divergence angle. When
used in large area diffraction, quasi-parallel beam increases the
diffraction intensity of a crystal.l'%! In addition, CPO provides
nearly complete scatter rejection when implemented in x-ray
medicine imaging. It can be used to magnify or demagnify the
x-ray imaging with improved contrast and resolution.!'!l For
conventional CPO, arrangement of circular channels leaves the
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problems of triangular-shaped nonfunctional spaces between
the capillaries. This structural flaw leads the lower flux gain
when it is used in x-ray diffraction analysis. Moreover, espe-
cially in x-ray medical imaging, lacks of the feature points of
the images will make important diagnostic information miss-
ing. To overcome these shortcomings, a new type of x-ray
lens composed of multi-square polycapillary slices was pro-
posed. In our previous papers, we studied the transmission
of x-ray in an ideal 84-mm long CPO and discussed its po-
tential applications for spatial image.[!”) However, as further

investigations, ['3!

it is hard to manufacture such a long mono-
lithic polycapillary with square channel due to the limitation of
technological level at present. Therefore, we assembled an x-
ray lens with multi-square polycapillary slices. The structural
support was obtained through three-dimensional (3D) printing
technique and the printing material was polylactic acid (PLA).

In this paper, we presented an x-ray lens composed of
multi-square polycapillary slices (ASPXRL). ASPXRL was
arranged with a stack form in a 3D printing skeleton. We
corrected previous numerical model to comply with the ac-
tual situation of this lens. In experimental part, ASPXRL was
used for x-ray focusing. The primary parallel beam was ob-
tained by a polycapillary parallel x-ray lens with circular chan-
nels. Compared with conventional polycapillary x-ray lens,
ASPXRL produced much higher quality focusing. In addition,
errors including displacement and axis deviation were consid-

ered to explain the imperfections of the focus.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Materials and methods

2.1. Geometric structure

As introduced in previous work,!"*) manufacturing of
square polycapillary slices has four main procedures: draw-
ing, arraying, slicing, and corroding. Because the square chan-
nels are bended, smooth internal surface cannot be guaranteed
while corroding the square core rod. Hence, considering ma-
chining efficiency as well, the thickness of final product of
these slices are controlled between 0.5 mm to 3.0 mm. To real-
ize a long length x-ray polycapillary lens, we selected a simple
assembled manner. As shown in Fig. 1, the geometric struc-
ture is constituted of two parts: structural support and square
polycapillary slices. The holding structure was machined us-
ing 3D printing technique and the material is PLA. 0.5-mm
width and 1.0-mm depth slots were cut along the transverse
direction in the inner bottom surface of the groove. Differ-
ent sizes of polycapillary slices were imbedded in the center
of the 3D printing blocks. Then, these blocks were inserted
into the slots. The centers of the slices should be kept in a
unitive optic axis in standard. Through this stack-like arrange-
ment, shape of the external walls of ASPXRL can be perceived
as a quadratic curve. Each slice contributed a discrete arc in
the curve, as illustrated in Fig. 2(a). Figure 2(b) shows the
scanning curve of the square cone multi-fiber bar before being
sliced. Because of tiny mechanical vibration and temperature
control in the process of drawing rods, here exists a fluctua-
tion. We selected a segment of the fitted quadratic curve based
on the scanning data. The parts with big relative fluctuation in
either two scanning directions (vertical and horizontal) were
dropped when manufacturing the slices. In fact, limited by the
precision of 3D printing technology, ASPXRL was assembled
after some practice to make sure each slice placed in the right
position.

(b)

" ®Slices

® Stack blocks

® Groove

(d)

Fig. 1. (a) Idealized structure of ASPXRL. (b) Actual device for experiment.
(c) Individual square slice No. 43 imbedded in the center of ASPXRL. (d)
Microphotography of the square polycapillary slices.
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Fig. 2. (a) Schematic diagram of the arrangement of ASPXRL. (b) Scanning
curve of the square cone multi-fiber bar before being sliced, S1-S5 corre-
spond to the five slices used in assembly, and other parts of the rod will be
dropped due to obvious fluctuations in either two scanning directions (hori-
zontal and vertical).

2.2. Simulation model

112-15] the simulation model

is illustrated in Fig. 3. Entire assembled lens was positioned in

Based on our previous works,

a Cartesian coordinate system. The z axis passed through the
central channel and served as an optical axis. The center of
an extended Gaussian area source was placed with coordinate
(0,0,15). The source function is denoted by

(r)= &exp (—rz/rsz) , 1

w2

©

where Ny is the primary number of x-ray photons emitted per
second from the source, rs is the radius of the source, and
r = \/x%+ y? corresponds to the emission position of the pho-
tons.

Five slices S1-S5 were placed in order of sizes, S1 has the
smallest cross section area while S5 has the largest. The inter-
vals between two adjacent slices are determined by the width
of the dropped parts, which have been illustrated by Fig. 2(b)
before. The intervals are denoted by 7. For example, the
interval between S1 and S2 is #,,,. The incident plane of S5
coincides with plane XOY and served as the lens entrance. Its
edge length is 2D;,. The output plane of S1 served as the lens
exit and its edge length is 2Dgy. For the shape curve of AS-
PXRL is quadratic, it has a simple expression

f(2) = apz® + boz+ Diy, )

where ag and by can be obtained from the scanning data of
Fig. 2(b).

020701-2
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Detector plane

Fig. 3. Schematic diagram of the simulation model. Rays emitted from an
extended source S at a distance /s from the center of slices. Then, guided by
ASPXRL and projected to the detector plane at a distance /; from the output
plane.

Assumed that the assembled lens has (2n+1) x (2n+1)
channels. For an individual square channel in row m, column
n, its internal width is dj, and wall thickness is t in the in-
put plane. Equations of the four internal walls (the upper, the
lower, the left and the right) can be expressed as follows:

dm+din [t
Tg/ (610Z2 +boz+ Din) =Y
i=k—1,j=k i=k—1,j=k
Z (s, +taij) <z< Z (ts(i+l)(j+l) +taij)?
i=0,j=i+1 i=0,j=i+1

tsy =lay, = 0,k=1,2,3,4,5;

ST (@02 + boz + Din) =
2 (ao 0 in) =
i=k—1,j=k i=k—1,j=k
Y (g t+te) <z< (s 1) +la)s
i=0,j=i+1 i=0,j=i+1

tsy =ltay, = 0,k=1,2,3,4,5;

dn—d;, /t
T—"—l;/ (QOZZ + b()Z + Din) =X,
i=k—1,j=k i=k—1,j=k
Z (tsi +taij) <z< Z (ts(i+1)(j+1) +t”ij)’
i=0, j=i+1 i=0,j=i+1

tSO :t”(Jl :O’k: 1?2737475;

4n+ din/t
dk+2
i=k—1,j=k i=k—1,j=k
(ts +1a;) <z <)
i=0,j=i+1 i=0, j=i+1
tsg = lay =0,k =1,2,3,4,5, (3)

(aoz* 4 boz + Dip) = x,

(ts(i+1)(j+l) +t”i.i)’

where #;; is the thickness of the slices and k denotes the label
number of the slices.

Put this model into the field of geometric optics. Rays
leaving the source reflected off the interior walls of the chan-
nels of the slices and transmitted through the air intervals alter-
nately. The detector plane was divided into (2n+ 1) x (2n+1)

square blocks with edge length res; wm. And the pixels of the
detectors have a one-to-one correspondence with the square
channels of ASPXRL. The value of res; was determined by
the resolution of the CMOS camera in practice. By recording
counts in each pixel, many optical properties such as output in-
tensity distribution, divergence angle, transmission efficiency
and gain can be calculated.

2.3. Experimental arrangement

Figure 4(a) shows the schematic diagram of the experi-
mental setup and figure 4(b) is a photography of the experi-
mental setup. The x-ray beam was generated by an x-ray tube
with a Cu target [MCBM 50-0.6B, RTW, Germany]. The focal
spot was ~ 50 um in diameter. The ASPXRL was placed be-
tween a quasiparallel polycapillary x-ray lens with circle chan-
nels (PPXRL1) and a CMOS camera. PPXRL1 was used to
obtain parallel x-ray beams. The slices used in assembly was
designed and manufactured by the College of Nuclear Science
and Technology of Beijing Normal University. Detailed pa-
rameter of individual slices and the entire assembled lens are
listed in Table 1. At the end of the setup was an x-ray imaging
system [C11440-42U30, Hamamatsu, Japan] which was used
to detect the output counts of the detected x-ray. The resolu-
tion of the x-ray imaging system was 6.5 pm. For compari-
son, the ASPXRL was then replaced by another conventional
polycapillary x-ray lens (PPXRL2). Detailed parameters of
PPXRLI1 and PPXRL2 are listed in Table 2.

Table 1. Detailed parameters of the slices S1-S5 and the assembled lens®.

fs (mm) Djy (mm) Doy (mm) dip (um) 7 (um)

S1 2.00 7.9157 7.5035 11.8735 1.9789

S2 2.25 8.3930 8.0180  12.5895 2.0982

S3 3.00 8.9651 8.6472  13.4476 2.2412

S4 2.75 9.1634 9.0185  13.7451 2.2908

S5 2.50 9.2170 9.1928  13.8255 2.3042

t; (mm)

Air interval 1 0.75
Air interval 2 0.75
Air interval 3 0.5
Air interval 4 0.75

tays (mm) Dj; (mm) Doy (mm) dj, (um) t (um)

Assembled lens  15.25 9.2170 7.5035  13.8255 2.3042

2 The number of channels is 1000 x 1000, dj, (wm) and ¢ (wm) are
statistical average values. The precise values of individual channels can be
obtained through microscopic measurement and have subtle differences
due to manufacturing.

Table 2. Detailed parameters of PPXRL1 and PPXRL2.

Entrance radius  Exitradius Length Openarea Channel

(mm) (mm) (mm) ratio numbers

PPXRL1 3.00 4.50 45.00 0.75 707131
PPXRL2 4.50 3.75 15.25 0.75 707131
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(b)

Fig. 4. (a) Schematic diagram of the experimental arrangements. (b) Photo-
graph of the experimental setup.

3. Results and discussion

Based on the simulation model, we used a Monte-Carlo
raytracing program to do the numerical calculations. Because
of the limitation of output area of PPXRL1, ASPXRL was
partly illuminated by the quasi-parallel beam. Because open
area ratio and irradiated area of PPXRL2 and ASPXRL are
the same, the input flux of these lens were the same. Figure 5
shows the simulation results. The focal length was 30.00 mm
in all cases. The incident photon numbers used in simulations
is 2 x 107. For conventional polycapillary lens with circular
channels, the shape of its focal spot is a circle. A halo exists
at the edge of the spot for divergency. Figures 5(b) and 5(c)
are the cases of the ideal and real conditions of ASPXRL. In
Fig. 5(b), ASPXRL was a monolithic lens with no intervals.
In Fig. 5(c), the lens was assembled with five slices and there
existed air intervals. Both in the two cases, the shape of the fo-
cal spot was a cross. In the process of multiple total reflection,
in real condition, the rays cannot be guided rightly because of
the existence of the air intervals. This caused intensity loss in
the central part of the focal cross and some dark stripes that
had no recorded photons in the cross arm. Meanwhile, mis-
guided rays contributed to the background that are useless for
focus. This problem can be overcome by decreasing the length
of the intervals which rely on the development of the corrosion
technology.

Figure 6 shows the experimental results. The voltage and
currents of the x-ray tube were set to 30 kV and 400 pA. The
exposure time of the camera was set to 2 seconds. The focal
length of PPXRL2 and ASPXRL were 35.0 mm and 36.0 mm,
respectively. In good agreement with the simulation results,
using ASPXRL for focusing, the focal spot was a cross with
bright center and twodimensional cross arms. Here existed
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= 20 32
N
O
50 15
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150
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25—0250 —150 =50 50 150 250 0
b) —250
(b) 140
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> 50 60 ©
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Fig. 5. Simulation results of focal spot: (a) conventional polycapillary lens
PPXRL2; (b) ASPXRL without air intervals; (¢) ASPXRL with air intervals.
some dark stripes that have no recorded photons for the pho-
ton loss in the air intervals. And the background caused by
the misguided rays was obvious. The full width of the cross-
like focal spot was 600 um, while the full width of the circular
focal spot was 400 pm. Figure 7(a) is the intensity profile in
one dimension (orange line marked in Fig. 6) of the focal spot
for PPXRL2 and ASPXRL. The profiles showed similar Gaus-
sian distributions. The full width at half maxima (FWHM) of
the fitted curves was 156 um for PPXRL2 and 104 um for
ASPXRL. In the range of FWHM, the integrated intensity for
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ASPXRL was about 1.5 times as PPXRL2. Compared with
conventional polycapillary x-ray lens, using ASPXRL can ob-
tain smaller and brighter focal spot. Due to the existence of
the background caused by misguided rays, the full width of
ASPXRL is larger than PPXRL2. Figure 7(b) shows the mea-
surement results of divergence of PPXRL2 and ASPXRL. The
x-ray camera was moved with a step of 1 mm. As distance
between the lens exit and the camera increases, the FWHM
of the transverse beam size first decreases and then increases.
The value reaches the minimum in the position of focal length.
The measured divergence of PPXRL2 was 8.4 mrad and of
ASPXRL was 8.0 mrad. The depth of focus was shorter for
ASPXRL compared with PPXRL2. In theory, the depth of fo-
cus is same for the two lenses because of the same geometric
structure in longitude. The difference mainly comes from the

fluctuation in the curve shape during manufacturing.

(a) —300 n3
—180
12
Al
—60 =
< :
> 60 8
1
180
300 0
~300 —180 —60 60 180 300
x (pm)
(b) —300 2.0
—180 1.6
60 12 &
B L. Tz
= n
. =
D
60 0.8 3
@}
180 0.4
30000 =180 —60 60 180 300 °

@ (um)

Fig. 6. Experimental results of focal spot using ASPXRL and PPXRL2 for
focusing.

Similar divergence and depth of focus suggested that AS-
PXRL could be used in the same field as that of the conven-
tional polycapillary x-ray lens. The advance of this new type
lens is that it can provide smaller and brighter focal spot as

mentioned above. This owes to the “corner cube” effect of

square channels. 1161 With circular channels, there exists a cen-
tral line along the cylindrical channel. Rays parallel to the
central line will reflected back to the optic axis. If the hit
point of TR is away from the central line, the rays will di-
vert away from the optic axis and cause severe focusing errors.
Figure 8 is the simulated results of the photon distribution in
the exit plane of these two lenses. The photon distribution in
ASPXRL is square-like while in PPXRL?2 is crescent. With
“corner cube” effect, the photons guided by ASPXRL con-
tributes to the cross-like focal spot with a magnitude depends
on the channel width. As shown in Fig. 8(b), with layer num-
ber increasing, more photons hit on the circular channels with
a position away from the central line. It leads to significant
focusing errors. Thus, it can be explained that using ASPXRL
produces higher quality focusing compared with lens with cir-

cular channels.

4 L (a) o Expermental results of ASPXRL
B Fitted curve of ASPXRL
L o Experimental results of PPXRL2
3 Fitted curve of PPXRL2
R
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Z
[}
-
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]
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Fig. 7. (a) Intensity profiles in one dimension of the focal spot for PPXRL2

and ASPXRL. (b) Divergence of PPXRL2 and ASPXRL.
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Counts

Fig. 8. Simulated results of the photon distribution in the exit plane of (a)
ASPXRL and (b) PPXRL2.
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(b)

AdJL (idisp’jdisp)

Fig. 9. (a) Diagram of displacement error. (b) Diagram of axis deviation
error (transverse and longitudinal).
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As figure 6(a) shows, the focusing quality using ASPXRL
was not satisfactory due to the existence of air intervals and
manufacturing imperfections. Air intervals leads to the gener-
ation of dark stripes and useless background. And manufac-
turing imperfections would cause distortion of the shape of the
focal spot. Figure 9 is a diagram of the two common imper-
fections: displacement error and axis deviation error. It should
be noted that the imperfections of ASPXRL is hard to be mea-
sured experimentally. Therefore, simulations were conducted
to analyze the cause of the distortion of the focus shape qual-
itatively. Figure 10 shows the simulation results of the focal
spot when different types of imperfections were taken into ac-
counts individually. From Fig. 10(a), it can be seen that ran-
dom displacement error caused shift of the cross arm of the
focal spot. Figures 10(b) and 10(c) show that transverse axis
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deviation errors caused rotation of the cross and longitudinal
axis deviation errors caused defocusing directly. These simu-
lated distortions could also be observed in Fig. 6(a). The ex-
perimental measurement result of the transmission efficiency
of ASPXRL is 15% while the design value is 21% at 8.04 keV.
To evaluate the effects of the imperfections on focusing capa-
bility of ASPXRL, we calculated its transmission efficiency
in different conditions. As figure 11 shows, the transmission
efficiency of ASPXRL decreases with increasing incident en-
ergy in general. At a given incident energy, the decline quan-
tity increases observably with increasing error values. In these
three conditions, the effect of the longitude axis deviation er-
ror is the most significant. To avoid the potential disadvantages
these manufacturing imperfections would bring in, the manu-
facturing technique should be improved to avoid their genera-
tion. This is our next research goal including producing longer
square hollow channels which was mentioned above.

4. Conclusion and perspectives

A new type of x-ray lens composed of multi-square poly-
capillary slices (ASPXRL) used in focusing parallel x-ray
beam was presented in this paper. The simulation of the fo-
cusing process was based on an improved Monte-Carlo ray-
tracing method. The theory was in good agreement with ex-
periments. Both in simulations and experiments, it suggested
that ASPXRL can provide higher focusing quality compared
with conventional polycapillary x-ray lens. This is credited
to the “cube corner” effect that benefits the family of arrays
composed of square channels appears to offer the best focus-
ing performance out of all possible channel cross sections.

However, the current ASPXRL is not perfect. The limi-
tation of manufacturing technique makes the thickness of the
slices could not be greater than 3.0 mm. This leads to the
existence of air intervals between the slices when assembled.
Owing to these intervals, primary incident rays would be mis-
guided and cause the dark stripes and useless background. In
addition, manufacturing imperfections such as displacement
and axis deviation errors could also affect the focusing qual-
ity and make the focal spot aberrated. This is also considered
in this work. For difficulty in measurement of ASPXRL in
experiments, simulations were conducted to analyze these ef-
fects and evaluated using the transmission efficiency. It shows
that these imperfections will cause the decrease of the trans-

mission efficiency in general and the effect of longitudinal axis
deviation error is the most significant. Thus, our next research
goals are longer hollow square channel and less manufactur-
ing imperfections. In summary, it is suggested that ASPXRL
can be used to replace conventional polycapillary lens for bet-
ter focusing performance. This type of lens has application
prospects as a condenser lens for x-ray microscopy and flux
collectors for x-ray analytical instruments.
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