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Abstract; The X-ray scattering method is investigated in application of characterizing surface roughness of X-
ray grazing incidence telescope. The surface figure effect on the scattering diagram of the curved rough mirror
is analyzed in detail based on generalized Harvey-Shack surface scatter theory and image formation theory,
when smooth-surface approximation is met and the width of the incident beam is about one tenth of spatial
wavelength of the surface figure. Based on the analysis, the characterizing scheme is designed and the deter-
mination error of the one-dimensional power spectral density function due to the finite width of the receiving slit
before the detector is discussed. The scheme is simulated with Zemax and the simulated results verify that the
surface figure only affects the measuring accuracy of the low-spatial-frequency surface roughness. The method
overcomes difficulty in measuring roughness of the grazing incidence mirror with high resolution conveniently
during the development of the X-ray grazing incidence telescope.
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1 Introduction

For X-ray/soft X-ray imaging systems, surface
roughness is an important factor that directly affects
the reflectivity and the optical quality of the grazing
incidence mirror. Therefore, it is impossible to fab-
ricate high-quality grazing incidence mirrors without
reliably testing surface roughness. Moreover, image
degradation due to surface scattering cannot be eval-
uated without the surface roughness of grazing inci-
dence mirror' "', That is to say, the development of
testing methods is necessary and part of the develop-
ment of X-ray/soft X-ray imaging systems.

Presently, the methods for measuring surface
roughness include the mechanical probe scanning
method, optical interferometry, using an atomic
force microscope ( AFM ), the optical scattering
method ete. State-of-the-art profile instruments,

such as optical profilometry and AFM, have a verti-
68]

cal resolution better than one angstrom "”'. Howev-

er, they can only be used to characterize the surface

¢l In addition, the

roughness of flat samples'
measuring area of AFMs is very small so the corre-
sponding spatial frequency range is quite narrow.
Moreover, the results of AFM and optical surface
profiler measurements are very easily affected by sur-
face defects and dust on the sample. The mechanical
probe scanning method can be used to characterize
the curved surface roughness but it is easy to scratch
the sample and its measuring accuracy is limited.
The X-ray scattering method obtains the surface
roughness by measuring the angular distribution of
the radiation intensity ( scattering diagram ) scattered
by the rough surface''”’. As far as we know, the X-

ray scattering method is usually adopted to measure

the roughness of a super-smooth plane. For exam-
ple, in 1988, Alexander Vinogradov first derived the
theoretical basis to measure the roughness of a super-
smooth plane using the X-ray scattering method"”’.
In 2004, V. E. Asadchikov, applied the X-ray scat-
tering method to measure the roughness of a super-
smooth plane mirror'®’. In 2010, Wang Yong-
gang, studied the X-ray scattering characteristics of
a grazing incidence multilayer planar mirror''".
However, no work has been reported on how to ap-
ply the X-ray scattering method to measure the sur-
face roughness of a curved surface. The difficulty in
measuring super-smooth curved surface by X-ray
scattering method lies in determining how the surface
figure affects the scattering diagram of the curved
rough mirror.

In section 2, the scattering diagram of a curved
rough mirror is derived with consideration to the an-
gular distribution of the radiation intensity due to its
surface figure ( herein named the surface figure
effect) according to the general Harvey-Shack sur-
face scatter theory( GHS) and image formation theo-
ry. In section 3, the characterizing scheme for the
surface roughness of a secondary mirror is designed.
The determination error of the one-dimensional pow-
er spectral density (PSD) function due to the width
of the receiving slit is evaluated and the optimal
width of the detector aperture is obtained. In addi-
tion, the scheme is simulated with Zemax by the
non-sequence ray tracing method. In section 4, the
extracted PSD data is compared with the exact data,
which verifies that the surface figure only affects the
measuring accuracy of curved surface roughness with
low spatial frequency. Finally, some conclusions are

given in section 5.
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2 Theory about surface figure effect

Consider the light-scattering configuration
shown in Fig. 1, where 6, is the grazing incidence
angle, 0 and ¢ are the scattering grazing and azi-
muth angles and Z;(x',7") is the surface figure, re-
spectively. Note that a scaled coordinate system is
used, in which x =x/A, y =y/\ and 2 =2z/A. Defi-
ning direction cosines

a = cosfcosp, B = cosfsing, y = sind. (1)

>
n>

Fig. 1 Schematic diagram of X-rays reflected by a
rough surface. 6, is the grazing incidence angle
and 6 and ¢ are the scattering grazing and azi-

muth angles, respectively

The effect of the surface figure is equivalent to

an image forming system that is described by the
transfer function according to image formation theo-
ry. Therefore, the surface transfer function H(x,y)
of an optical component is the product of the figure
transfer function H; (x,y) and the scatter transfer
function H (%,y), expressed as the following
H(x,y) = H(x,y) - H(x,y) . (2)
The figure transfer function H;(x,y;0), which

is determined by the surface figure is expressed as
H(k,5) = [[pG3)p(& - 4,5 - 3)dady,

(3)

where p(x',y") is the aperture function defined by
o explikZ (x',5") ], (&',5") C Q
p(a'y") = .

0. else

(4)

It is generally accepted that the inverse scatter-

ing problem of predicting the surface PSD from the

scattering diagram is only possible when the optical

satisfies the smooth-surface

12-13]

surface approxima-

tion'

(4o ysing, /1) << 1, (5)
where 0, is the grazing incidence angle shown in
Fig. 1. In these conditions, the scatter transfer func-

tion is expressed as

2 C(1,y) (6)

2
H,.(6,7570,7.) = Aly) +4Ai4<sinoi + sing)® -

(7)

A(’YI) = 1 - (zTr’yiO-rcl/A)z’
- Uafo)?

o
o =/ [ PO araf,

cosfcosp — cosf,

PSD (¥,

S dfdf

; (8)

f = cosfsing 9)

x = A

where 0, is the grazing incidence angle; 6 and ¢ are
the grazing and azimuth scattering angles as shown in
Fig. 1; o,, and o, are the relevant root-mean-square
of the surface roughness and the intrinsic root-mean-

square of the surface roughness respectively; PSD

(f..f,) is 2-dimension PSD of surface roughness; f,

A )
and f, are the spatial frequencies.

Since the Fourier transform of the surface trans-
fer function, H(x,y) yields the angle spread func-
tion for normal incidence, the radiance distribution
for the incident angle, 6, can be calculated with the

shift theorem of Fourier transform theory' "’ ;
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ASF(a,B) = F[H(%,y)
7(51n0 + 51n6‘) wl

s

where B8, = -8, = - cos0,.
Furthermore, the spatial wavelength of the sur-
face figure is generally in the range of a few millime-

ters. The figure transfer function H,(%,y) defined
ASF(a,B) = A(y)ASF (o - B,) +°

In fact, the auto-correlation length [( a distance
at which the auto-covariance function is reduced to
1/e, where e is the base of the natural logarithms)
is generally in the range of several micrometers to

several tens of micrometers, which is much longer

BRDF(6,¢) = Q - A(y,)ASF (e, -B,) + 0 -

where () is the polar reflectivity

- F[H(x,y) -

: eXp( - 12’]]'305/)} = A<71>ASFf(a’B _ﬁn) +

C(x,y) - exp(-i2mB,5) ] , (10)

by Eq. (3) is almost unit when the width of the inci-
dent beam is close to a tenth of the spatial wave-

length. In such circummstances, the angle spread

function is expressed as

- PSD(f..f.) - (11)

o
(51110 + 51110) '61
O-s

than the wavelength of the incident X-ray. There-
fore, the relevant root-square-mean surface rough-
ness o, is almost equal to the intrinsic root-square-
So BRDF is expressed

mean surface roughness o .

as the following :

I (sm@ + sing)’ (12)

- PSD(/..f) s

(1 — £)sind :

(sinf, +/e — cos 0, (sinf +/& — cos’9)

In Eq. (13), & =g,/g, is the relative dielec-
tric constant of the interface where the subscripts 1

and 2 denote the incident and refracting side, re-

(13)

by dividing the measured radiant intensity by the co-
sine of the scattered angle, the scattering diagram

(radiant intensity distribution) is expressed as the

spectively. following ;
Since BRDF is a computed quantity calculated
2
P(0,¢) = Q- A(y) - ASF (B = B,) = sind + Q- Tsing - (sing, + sing)” - PSD(£.f,)

The scattering diagram is characterized, in gen-
eral, by two scattering angles (6,¢). However, as
the grazing incidence angle @, is typically smaller
than the critical angle of the total external reflection
0. at the wavelength, such a small value of 0, leads
to a large angular difference in the width of the an-
gular distribution of reflected radiation intensity in
the incidence (8 ~ A/ ( wlsing,) and in the azimuth
(80 ~ A/ (ml) << 860) planes™’.

the scattering diagram is usually integrated over the

In experiments,

1,(6) = fﬂQ-Aw,.) . ASF,(a,B - B,) - sinfde ,

sinf -

n.(e) =0-

Eq. (16)

For super smooth optical surfaces,

27 2
?(cosﬂi + cosf)

(14)

azimuth angle as:

1(9) = fﬁ@(B,go)dgo. (15)

The integrated results could be divided into two
parts:

I1(6) =1.(0) +II.(0) , (16)

where the surface figure IT,(6) and the integrated

scattering function IT (@) are respectively calculated

as the followings .

(17)

« PSD,, (f)) . (18)

shows that the surface figure only affects the specular
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component, provided that the conditions described
above are met. In these conditions, a superposition
of the contributions of the figure and the roughness

yields the integrated scattering diagram.

3 Characterizing the surface rough-
ness of the X-ray grazing incidence

telescope

The space telescope has rigorous requirements

on the thermal stability of the mirror body, especial-

ly for mirror material. Zerodur has excellent physical
and chemical properties such as relatively high
strength, a zero-expansion coefficient and high den-

"1 Therefore, the soft X-ray space telescope is

sity
fabricated with zerodur in our lab. After being pol-
ished, the relevant root-mean-square of its surface
roughness is usually smaller than 1 nm, which is
suitably characterized as being in the soft X-ray
band. Tab. 1 lists the parameters of the Wolter-1 so-

lar soft X-ray grazing incidence telescope in our la-

boratory.

Tab.1 Specifications of solar soft X-ray grazing incidence telescope in our lab

Parameter Telescope Paraboloid Hyperboloid
Nodal focal length/mm 659. 885 495
Optic length/mm 47.5 47.5
Gap about joint/mm 5
Vertex radius/mm -2.431 457 33 -2.440 466 51

Inner radiusr,  _/mm

inner-

/' mm

outer

Outer radius r
. 2
Conic constant &

Location of focus/mm

80.075 946 99 75.414 332 72
81.505 495 11 79.771 451 35
-1 -1.007 424 25

1 364.867 410 92 705

3.1 Optical design of the measuring system
Since the primary and secondary mirrors are
fabricated using the same process, their surface
roughness are assumed to be identical ', Therefore,
only the surface roughness of the primary or seconda-

ry mirror need to be characterize. The radiation scat-

] | LS $ S | ===
| | /7 /7 |
X-ray tube Collimator

T

tered from the primary mirror is blocked by the sec-
ondary mirror while the scattered radiation from the
secondary mirror can arrive at the detector without
being blocked. Therefore, it is more convenient and
suitable to characterize the surface roughness of the

secondary mirror.

Receiving slit Detector

Vacuum room

Multi channel analyzer

L |

Computer

Fig.2  Schematic diagram for surface roughness characterization

The scheme shown in Fig. 2 is for measuring the
surface roughness of the secondary mirror of the solar

soft X-ray grazing telescope in our lab. Although,

the grazing incidence mirror shown in Fig. 2 is non-
nested, the scheme can also be applied to a nested

X-ray grazing incidence mirror since each of its shell
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can be measured before integration. For the telescope function is written as follows''" ;
in Tab. 1, the total reflection critical angle 0, is e- 1,5, 1 oI

N c = —(— 0 = 0 . 20

qual to 5.94° when the incident wavelength A is e-
qual to 4.47 mm. When the incident radiation is
parallel to the optical axis, the grazing incidence an-
gle 6, of 5.24° is smaller than the total reflection
critical angle §.. That is to say, the wavelength and
the grazing incidence angle are suitable for charac-
terizing the surface roughness.

To condense the information contained in the
PSD-function to a few parameters, the K-correlation
model of the PSD-function'"*’ shown in Eq. (19) is
used.

PSD(L) = e

KAB
(1 +Bzfz)(c‘+1>/2‘
1 Tc+1)2]
- 2n I(Cn2)

The width of the incident beam is set to 0.2

PSD(f) = (19)

mm to ensure that Eq. (11) holds true according to
the analysis in Sec. 2. The factors causing systematic
errors in the determination of the PSD-function in-
clude the finite width of the receiving slit before the
detector ( simply called “receiving slit” ), the diver-
gence and spectral width of the incident beam, the
noise of the detector etc. In this paper, we will only
address the dominant factor and the finite width of
Fig. 3 illustrates the

the receiving slit in detail.

effect of the finite width of the receiving slit.

Fig.3  Error of PSD-function determination caused by

the finite width of a receiving slit

For simplicity, the width of the incident beam

is ignored and the error of determination of the PSD-

Dependency of the error n_ on the receiving slit S is
shown in Fig. 4. In calculations, we used the follow-
ing parameters; radiation wavelength A =4.47 nm;
grazing incidence angle for the incident beam 6, =
5.24°; sample-detector distance D =336 mm. Be-
sides, the PSD-function is supposed to behave in ac-
cordance with the fractal-like law as shown in Eq.

(19) , which is typical for the samples.

0.1
STum™!

Fig.4  Error of PSD-function determination 7, for dif-
ferent widths of the receiving slits S =50 um,
100 wm, 200 wm. Calculations are performed
at an incident wavelength of A =4.47 nm, a
primary beam grazing incident angle of 6, =
5.24° and a sample-detector distance of D =

336 mm

Since the error 7, decreases rapidly with a de-
crease in the width of the receiving slit as shown in
Fig. 4, it is important to minimize the width of the
receiving slit. However, when the slit is too narrow,
the detected scattered radiation falls sharply and the
measured spatial frequency becomes more narrow.
As shown in Fig. 5, 7, is less than 0.2% at spatial
frequencies larger than 0. 02 wm ™' when the receiv-
ing slit is less than 0. 1 mm. According to the above
analysis, the error of the PSD function is small when
the width of the receiving slit is less than 0. 1 mm.
3.2 Simulation

In the simulation, the PSD is modeled by Eq.
(19), where A =1 000.322 x 107° pm’, B =
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12 000 pm and C =1.089. The smooth-surface ap-
proximation is satisfied on the simulation. BRDF is
calculated from the PSD according to Eq. (12). The
characterizing scheme in Sec. 3.1 is designed with
Zemax and the simulation is created using the follow-
ing steps. First, the surface figure effect IT,(0) , is
obtained using the ray tracing method when the sec-
ondary mirror surface is perfect. Second, the inte-
grated scattering diagram IT (@) is obtained using
the non-sequential ray-tracing method'”' when the
BRDF is added to the secondary mirror. Finally, the
PSD function is obtained from Eq. (16).

4 Results and discussion

The simulated results are shown in Fig. 5.
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Fig. 5(a) shows the scattering diagram of the rough
secondary mirror IT(0), whereas Fig. 5(b) shows
the surface figure effect IT,(9). The scattered com-
ponent of the scattering diagram IT (6) is shown in
Fig. 5(c¢), which is obtained by subtracting the sur-
face figure effect IT;(§) from the scattering diagram
m(e).
I1,(9) , the scattering diagram IT(§) , and the scat-

Furthermore, the surface figure effect

tered component IT,(#) are shown in Fig. 5(d) to
demonstrate the surface figure effect on the scattering
diagram. As shown in Fig. 5(d), the scattering dia-
eram J1( @) agrees well with its scattered component
I1,( ) when the scattering angle is outside the angu-
lar range of the surface figure effect I1,(8) , which
verifies that surface figure only affects the specular

component of the scattering diagram.
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d

Fig.5 (a)Scattering diagram, (b) surface figure effect, (c)scattered component of the scattering diagram, (d) analysis of

the surface figure effect on the scattering diagram

Fig. 6 shows the PSD data extracted from the
scattering diagram IT( @) and the exact PSD data.

The PSD data extracted from the scattering diagram
I1(0) agrees well with the real value(exact PSD da-
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ta) when the spatial frequency is more than 28/mm ,
which confirms that surface figure only affects the
measuring accuracy of surface roughness with low
spatial frequency. On the other hand, surface rough-
ness with high spatial frequency can be characterized
accurately using the X-ray scattering method when
smooth-surface approximation is met and the width of
the incident beam is about a tenth of spatial wave-

length of the surface figure.

—=— Extracted data
—e— Exact data

PSD/pm’
=)

0.01  0.028 0.1 1
Spatial frequency/pm’

Fig.6 PSD data extracted from the scattering diagram

and its real value

SE Lk

5 Conclusions

In this paper, a theoretical analysis was per-
formed to prove that surface figure only affects the
measuring accuracy of the roughness of a curved sur-
face with low frequency when smooth-surface approx-
imation is met and when the width of the incident
beam is about a tenth of the spatial wavelength of the
surface figure. Based on this analysis, the X-ray
scattering method was applied to characterize surface
roughness of the secondary mirror of the X-ray graz-
ing incidence telescope. The scheme was simulated
with Zemax and the simulated results show that the
surface figure only affects the measuring accuracy of
the roughness of a curved surface with spatial fre-
quency less than 28/mm, which verifies the accura-
cy of the theoretical analysis. This method will be
valuable and helpful for efficiently developing high
quality X-ray imaging systems. It can also be used
in other fields, such as modern optics, micro-elec-
tronics and micro electro-mechanical systems. The
factors causing systematic errors will be analyzed

comprehensively in the future.
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