Propagation of synchrotron radiation through double microchannel plate
device: Comparison of experimental data and wave-approach simulation
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1. Introduction

X-ray based techniques enable non-destructive measurements and study of materials providing an
electronic, chemical and structural information. Widely wused radiation sources, such
as synchrotron radiation sources and free electron lasers (FELs) allow generating highly brilliant
beams used to study not only the static properties of a matter from macroscopic
to nanoscale dimensions, but also the dynamics of phenomena within a time domain from seconds
to femtoseconds. Additionally, to optimize the existing facilities many optical devices can be used,
such as waveguides and optical elements providing coherent but slightly divergent beams. They
are optimized for the different applications such as X-ray imaging, spectroscopy and scattering.
When high spatial resolution is required, for instance in X-ray micro-analysis, beams can be
diffracted and refracted to obtain the desired reduction of the spot size, according to basic
principles of X-ray focusing. These physical mechanisms can be used to deflect and condense X-
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rays within a small area and in accordance with the theoretical limit defined by the diffraction
(~M\2). Focusing of X-rays with dedicated optics has a great role in the scientific community, in
particular in synchrotron radiation and X-ray laboratories/facilities [[1], [2], [3]]. Polycapillary
devices, also known as Kumakhov lenses, made by glass capillaries allow X-ray radiation shaping.
Coherence effects occur in such capillary structures, as several wave theory-based investigations
have previously demonstrated previously [[4], [5], [6], [7], [8], [9], [10]]. The capillary device
size is typically large relatively to the wavelength. However, while the calculations of the radiation
transmission parameters generally rely on geometrical optics or to the Fresnel-Kirchhoff
approximation [[11], [12], [13], [14]], to describe fine features of radiation propagation in grazing
multiple reflection regime from very curved internal surfaces of the capillary guides the wave
optics approximation should be applied [[15], [16], [17], [18], [19]].

In this manuscript, we present diffraction images collected in transmission by a multichannel
plate (MCP) device using the ELETTRA synchrotron source [20,21] together with simulations
obtained using the wave propagation model. The partially coherent X-ray beam generated by the
insertion device of the CiPo beamline passes through the special optical device made by two flat
MCPs. We modeled this device an electrodynamical theoretical approach has been applied. The
central spot observed beyond the device made by these two properly aligned MCPs is calculated
as an interference of the waves transmitted by the MCP channels.

2. Experimental layout of the device made by two aligned MCPs

The device with two MCPs named Microchannel Aligned Assembled System (MAAS) is a
micro-channels assembled system made by two identical flat MCPs properly oriented in
the space. Fig. 1 shows the primary beam, which propagates along the z-axis, and two
coaxial polycapillary plates (MCPs) assembled in the MAAS solid frame. X-rays
transmitted by the hollow microchannels of this system are collected by a 2D detector set
at the XY-plane.
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Fig. 1. Experimental layout with the pinhole; the two flat parallel coaxial MCPs and the detector.
In a) we show the mode-1 for the single MCP transmission; b) describes the mode-2, i.e., the
transmission after two MCPs.

We define the distance between the pinhole and the first MCP surface of the MAAS-device (MCP-
1)as L1. The parameter d = 50 um in Fig. 1 is the distance between two parallel plates MCP-1 and
MCP-2, while the 2D-detector behind the optical device is set at the distance L2.

In our experiments we have used a MAAS-device manufactured by the BASPIK company [22],
which is characterised by a silicon-lead glass with the mass-concentration of 0.7*PbO+0.3*Si0..
The device is composed of 10*+107 hollow microchannels regularly separated and arranged within
a well-defined symmetry. In the transverse cross-section we may observe a hexagonal pattern of
the channels of 10 um of inner diameter and 12 um of pitch between the channels. The longitudinal
cross-section of these MCPs reveals a long channel structure with the length/diameter ratio of
~130. The inner surfaces of these channels are characterized by a roughness (<5 nm). In our layout
when the primary beam at the MCP entrance is set to the normal to the MCP surface, i.e., parallel
to the channel longitudinal direction, the openness, i.e., the spatial acceptance of both MCPs, - is
about 60 %. For more information, particularly on the chemical elements present in the MCP-glass
material and other properties we refer to Ref. [23].

Data collection has been performed at the Circularly Polarization (CiPo) beamline at ELETTRA
using a high vacuum experimental chamber [21] and the setup aforementioned (Fig. 1). To register
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the X-ray radiation at the exit of the MAAS-device a CCD detector (Basler model scA640-
120 gm/gc) with the 2D pixel resolution of 13 + 1 pm has been used in this run.

The measurements were performed for different energies of the primary radiation going through
either the single or the set of MCPs that allowed us to study the angular radiation distribution
beyond the double MCP-device at the photon energies of 92 eV and 500 eV by means of the CCD
detector installed inside the HV chamber. To control the spatial coherence property of the primary
beam generated by the undulator device, a pinhole of either D =70 um or D = 210 um diameter
was set in front of the MAAS-device. The pinhole defines also the aperture of the primary radiation
at the MCP entrance.

The mode-1 is described in the layout shown in Fig. l1a. Here the primary beam propagates in the
central area (along the axis) of the coaxially aligned MAAS-device. In this layout MCP-1 does not
contribute to the process since the radiation is transmitted by its wide central circular hole (~3 mm)
showed in Fig. 1. The measurements of the radiation propagated into the microchannels of both
plates (mode-2) were performed by shifting by a couple of millimeters in the xy-plane the MAAS-
device from the center (see Fig. 1b).

3. Experimental results

Fig. 2 compares the ELETTRA experimental data of the radiation diffraction at the energy of
92 eV for the MAAS-device. We registered two diffraction patterns at this energy for both single
and double MCP modes, i.e., for the mode-1 and the mode-2, respectively.
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Fig. 2. Experimental profiles for the diffraction at the energy of 92 eV. Panels a) and b) are the
distributions for the single MCP; panels c) and d) are those of the MCPs-based device.
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The spatial distributions in the XY-plane (a,c panels) and the corresponding distributions in the
XZ-plane in the (b,d) panels, which were collected at the exit (156 mm) of the single MCP (panels
a,b) and of the double MCP-device (panels c¢,d), shows the diffraction patterns and also the intense
background. The latter (in the panels b and d referred as Substr.1 and Substr. 2) was described
by Gaussian functions, which additionally contribute to the diffraction distribution. The
background is present in the images of both the single MCP and the device, but in the case of the
diffraction beyond two MCPs the relative intensity and shape are somewhat different.

On the base of the experimental data presented in Fig. 2 we would like to underline an important
feature. The increase in the radiation flux on the center axis for the mode-2 takes place only due
to the constructive interference of the radiation generated by the first MCP and travelling through
the second MCP.

We do not observe any diffraction structure (maxima of the 1st and higher orders) at the energy of
500 eV of the primary radiation as shown in Fig. 3. The single Gaussian peak observed is typical
of both profiles; however, shapes for both single and double MCPs layouts are similar. Panels b)
and d) in Fig. 3 clearly show twice as different intensity and the similar FWHM values (~75 pm).
However, the radiation at the exit of two MCPs is higher at the center compared to the transmission
of the mode-1, i.e., from the single MCP. Experimentally we can approve the higher concentration
ability (increasing density) for MAAS device at the energy of 500 eV in compare with the 92 eV.
So, the focusing structure of MAAS is sensitive to the primary beam energy.
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Fig. 3. Experimental profiles for the diffraction at the energy of 500 eV. Panels a) and b) are the
distributions of the single MCP; panels ¢) and d) are those of the MCPs-based device.
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4. Simulations

Here we present the comparison with the results of the theoretical simulations of the diffraction at
92 eV and 500 eV performed using an improved electrodynamic model. The simulations refer the
two MCP-based device changing the distances between MCPs as well as the distance from the
MCP system and the detector (Fig. 1). In our approach [24,25] the mathematical model is used to
calculate the diffraction of the electromagnetic waves in X-ray range. It is based on a scalar
approximation of X-ray waves propagation inside the antenna array device, which is namely the
array of the illuminated hollow MCP microchannels normal to the illuminated surface. Actually,
for each microchannel we deal with a distribution (radiation pattern) of the output radiation, while
the total pattern of the radiation field at the MCP exit, is formed at a large distance by the
interference of many single microchannel radiation patterns of the antenna array distribution. This
model was already used [26] to reproduce the radiation focused by two MCPs in the range 100—
300 mm. The model is valid for distances much larger than the radiation wavelength and for small
angles. In the X-ray range, the first condition can be easily satisfied, while for the second we have
to pay attention when the distance between two MCPs is comparable to the illuminated surface
area of the MCP. Below (and in the appendix) we describe the results of the simulations for
different parameters and, in particular, when MCPs are set to a short distance between them.
Particularly, we consider the distance of 50 pm which is in the same order with the dimensions of
the primary beam profile. In this case we have a very complicated field at the entrance of the
second MCP and use here the approximation presented in the Appendix. In comparison with the
short distance for two MCPs and distances much larger (100-300 mm) between plates the average
profile of radiation at the entrance of MCP2 can be considered as close to the Gaussian distribution.
This approximation was used in the [26].

Primary X-ray radiation has been chosen to get the Gaussian intensity distribution in the plane
perpendicular to the radiation propagation direction. (more details see in the Appendix).

In Fig. 4 we show results of the diffraction pattern at 92 eV and 500 eV. For the double MCP-
device at the energy of 92 eV the images refer to panels a) and b), while those in panels ¢) and d)

refer to 500 eV. The simulations were performed using the experimental parameters of the CiPo
beamline at ELETTRA (Fig. 1).
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Fig. 4. Simulations of the diffraction patterns at 92 eV (a,b) and 500 eV (c,d). The profiles
of the distribution of the radiation are: a) and c) for the XY-plane; and b) and d) for the
XZ-plane.

The beam profiles calculated in the plane perpendicular to the z-axis are shown in the left panels
in Fig. 4. Panels a) and c¢) describe the double MCPs distribution of the radiation in the XY-plane,
while panels b) and d) correspond to the diffraction pattern profiles in the XZ-plane. In panel 4b
the blue curve is the result of the electrodynamical simulation of the diffraction, i.e., it is the
diffraction pattern of the radiation transmitted through microchannels having a diameter of 10 um
and a pitch size of 12 um. In addition to the calculations (blue curves) the red curve is the smoothed
calculation that takes into account the spatial resolution of the 2D-detector (13 pum). Actually, we
need to consider also the experimental background, which may have different origins. As an
example, it may be due to the high roughness of the inner surfaces of microchannels, but may be
affected also by the irregular distribution and the asymmetric arrangement of the microchannels,
the possible differences in the microchannel diameters, etc.

The two curves in the panel d) correspond to the mode-1 and the mode-2. In this case, the
simulation return for both cases similar shapes. On the other hand, for the MCPs-based device the
intensity of the central peak is about two times more intense than the simulation of the single MCP,
in agreement with experimental data showed in Fig. 2. Using this model, we performed an
additional simulation changing the distance between the second MCP and the detector in the range
of 15-156 mm.
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Calculations point out that in order to obtain narrower peaks, it is necessary to use the widest
possible primary beam. This holds for both the zero order maximum and the peaks of the higher
diffraction orders. At the same time, several factors may contribute to the broadening of the peaks,
e.g., the manufacturing accuracy of the MCP and the accuracy of the relative alignment of the two
MCP. As an example, micrometer displacements respect to the symmetry axis, deviations from
the microchannel diameter value and shifts of the position of the axes may lead to similar, in term
of order of magnitude, broadening of the peaks of the diffraction pattern.

We made additional simulations at the energy of 500 eV to compare with the available
experimental data (see Fig. 3) collected at ELETTRA. Panel d) in Fig. 4 shows the bell-shaped
curve whose shape and width are close to the profile collected with the single MCP. Again, the
intensity (both the integral and the maximum) in the distribution of the MCPs-based device is
twice as high as that collected with the single MCP, in agreement with experimental results
(see Fig. 3).

5. Conclusions

In this contribution we compare diffraction patterns collected at the CiPo beamline at the
ELETTRA facilities in Trieste, with simulations of an optical device made by two identical flat
MCP parallelly aligned. Results point out that the concentration of the radiation is evident:
increases of both the radiation intensity and the radiation density in the main spot on the central
axis occur in the case of the MCPs-based device when compared to the pattern generated by a
single MCP.

Actually, experimental results can be affected by many parameters and all peaks in the diffraction
pattern may broaden depending on the manufacturing quality of the optical elements. Important
characteristics of the MCPs are the roughness of the internal surfaces of each microchannel, the
accuracy in the hole distribution, and the microchannels’ axes alignment. The latter condition is
particularly important in the configuration where the two flat MCPs have to be aligned.

Regarding the condensing/focusing properties of a tested device the profile and the degree of
spatial coherence of the primary X-ray radiation is fundamental, i.e., using this device based on
two MCPs the plane wave, which is incident on the entrance surface of the first plate (MCP),
represents the ideal source of the primary radiation for obtaining a narrow central peak. Additional
tests to confirm the dependence of the shape and the intensity of the main peak vs. energy are
planned.
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Appendix.

We assume that the field at the output of single channels is known [19]. The resulting total
field can be obtained as the superposition of single waveguide fields having the same
structure.

$ (113, y) = E:,:r:l én (x’ y)

Where ®n(x,y) is the field at the exit of microchannel numbered by n = 1,2,3 ... N. If xc,n,
yc,n are the coordinates of the corresponding microchannel centers, we assume that
®n(x,y)=0 in the case of

\/(37 - wc,n)z +(y — yc,n)2 > Q.

Using the Green's equation we can write

Ulz,y,z) = Zf:r:l j P, (z',y) G (e, + &' — 2, Yo + Y —y,2)ds,

Where S — it is the aperture of MCP; x’, y’ - are the coordinates of source points on the
aperture surface; x,y,z - are the coordinates of the observation point.

—ikR . )
G (2,9,2) = — £ 3= 27 ~ L exp (—ikR); (1)

R:\/x2+y2+z2;k=2T”;

And A is the wavelength of radiation. Taking into account an axial-symmetric property of
the field at the exit: dn(x’,y’)=Pn(r)and we can use the polar
coordinates x’=r'cos¢g’,y’=r’sin¢g’ transforming the expression (1) as

(2)
N a 2w
U(z,y,2) =D 0y fr’@n (") dr’ f G(zen +17" cos ¢ —z,ye, +7 sin ¢’ —y,2)dy’
0 0

This double integral can be calculated directly using numerical methods. However, to
minimize time, we may use its well-known asymptotic representations (approximations).
In our case, we checked that this would not lead to a loss in the accuracy of the
calculations.

Fresnel diffraction approximation. We used the asymptotic expression for the Green's
function
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Ulz,y,2) ~ z'kzz—l" EN ’<I>n (") dr’ f exp (—ikR,) dy’,

n=1 g

where R, = VvVt + 32,7'712 = (wc,n - -’L')z + (yc,n - y)2 and

Ry =/ (@op +7 08 @' — 2)? + (Yo + 7' sin ¢’ —y)* + 2.

We alsg defined xc,n—x=rn cosyn,yc,n—y=rnsinyn and tragsformed the above
asRn=R n2+r’'2—-2r'rncos(¢’-yYn)=R n+r'2—-2r'rncos(¢’-yYn)2R n.

Integrating on the variable ¢’ we obtained the expression (3)

— — 12 7Jn (o —
- \/R‘nz + 7"2 - 27"7’73 COS ((p, —_ ¢71) ~ an' + r - rzgo (‘P 1vbn) .

Where jo is the Bessel function.

Fraunhofer diffraction approximation. In the integral of expression (3) we set the second
factor equal to 1

(4)
U(w> Y, Z) ~ kz Z;’:Ll exp( 'lkR.n) f(}h ']0 (k7 rn) rdr’

ﬂ

So that, based on our results [19,20], for the diffraction on a single microchannel
(waveguide), we can write

®, (r') = AnJdo (knr') (5)

Where 0<n<p, and S is the angle of the total external reflection, An the wave amplitude at
the exit of the microchannel identified by n. The expression for the amplitude will be given
below. Using the equations (5), (3) we can write

(6)
U(z,y,2)

. r? 'y ) )
~ bz YNy A exp (—ikRa) 2L [ o (ke exp( ik Rﬂ) Jo (k i )Tdr

0
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This expression corresponds to the Fresnel diffraction approximation. The integral in the
equation (6) should be calculated numerical. Using the equation (5) we can calculate also
the analytical integral in (4) writing

(7)

U (m, Y, Z) ~ kza 22;1 An exp (—Zk}—{n) R];Z il (aﬂa)Jo(:n:)_lzzg(ana)JlUma)

Where an=krnRn.The equation (7)is used for the simulations of the Fraunhofer
diffraction pattern.

Antenna array approximation. This approach is used in the case of the Fraunhofer
approximation when the resulting field has to be modeled at large distances. As can be
seen from (7), it is necessary to sum the fields with relatively large different phases. This
may lead to inaccuracies due to the algorithm used and the finiteness of the grid
representing the numbers. However, if we transform the equation (7) considering

R, = \/(wc,n —2)2 + (Yo — 9)* + 22 = /RE —2(Zop® + Yomy) ~ R — Vel
where R = /z? + y? + 22, Eq.(7) can be reshaped as
Eq. (7) can be reshaped as

(8)
Ul(z,y,2) =~ k2aZ2 2 D (2,4 2) SV | 4, exp (zk—wf:’"”)
D(z,y,2) = % (aa),fo(kzj)_—(;;Z)J:(aa)Jl(kna),a _: \/;;Tyz |

The Eq. (8) represents the field of the radiation pattern at the output of MCP as the lattice
sum D(x,y,z) of the MCP structure. Now, the primary beam with a Gaussian intensity
distribution in the plane perpendicular to the direction of the radiation propagation can
be considered as the primary X-ray radiation. The complex amplitude of these waves can
be written as

U (z,y) = exp [—(%)2] exp (—ikr?d) ,

Where r2=x2+y2; A - parameter characterized the width of Gaussian beam; §=12Rb¢b;
and Rb, @b are the radius and the angular divergence of the beam. According to the
Eq. (8) the field should be calculated at the distance “z” using the expression (9) for wave
amplitude An on both (first and second) stages
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A, =Uy (xc,na yc,n) (9)

and in this approximation the diffraction pattern at the exit of a single MCP can be
simulated directly using the Eq. (8). In the case of a double MCP device it is necessary to
use two stages for the calculation. Considering the distance z = 50 um between the first
and the second MCP, in our double MCP-device the experimental results have been
obtained in the framework of the Fresnel approximation (6) that was used for the
simulation of the field at the entrance of the second MCP. In our model we can use the
Fraunhofer approximation (7) for distances between MCPs higher than 10 mm. Our
calculations show that the considered approximation results are in agreement with the
accurate method.
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