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In this paper, a novel method is proposed to characterize the operation-waveband angular resolution of the soft X-ray 

grazing incidence telescope. According to the method, the first is to restore the “geometric image” by removing the 

aperture diffraction effect from the resolution testing target image measured at visible waveband. The second is to 

calculate the operation-waveband resolution testing target image by the convolution of “geometric image”, diffraction 

point spread function and surface scattering point spread function. Finally, the operation-waveband (4.47 nm) angular 

resolution of 9.72" is calculated according to the operation-waveband resolution testing target image on axis. The 

method does not need to be performed in vacuum and to place the source away from the solar X-ray grazing incidence 

telescope, which greatly reduces the testing cost and improves the efficiency for the development of the soft X-ray 

grazing incidence telescope.  
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Solar X-ray grazing incidence telescope (SXT) is one of 
the most important instruments to explore the mecha-
nisms of the solar activities, such as flare, active region, 
coronal hole and coronal mass ejection[1-4]. So far, many 
satellites have been launched with an SXT onboard, such 
as the GOES-M, GOES-N, GOES-O and GOES-P of the 
USA which have been launched in 2001, 2006, 2009 and 
2010, respectively[5]. The satellites that are scheduled to 
be launched with an SXT onboard include the solar or-
biter of the European space agency (ESA) that is sched-
uled to be launched in 2018 and the solar-C of Japan that 
is scheduled to be launched in 2019[2,6]. 

In order to obtain clear observation images on-orbit, 
the angular resolution is necessary to be characterized 
before launching the telescope. The angular resolution of 
the soft X-ray grazing incidence telescope is usually 
characterized at the operational waveband, directly[7,8]. In 
general, the characterizing methods include two kinds. 
The first is to characterize the angular resolution by illu-
minating the full pupil of SXT with a wide “collimated” 
X-ray beam, which requires the X-ray source away from 
the SXT[7]. A representative X-ray calibration facility for 
the method is the X-ray Calibration Facility (XRCF) in 
the Marshall Space Flight Center (MSFC), which has the 
length of 518 m, stainless steel guide tube between the 
source and the calibration chamber[9]. The second is to 
characterize the angular resolution by scanning the full 
pupil with a narrow “collimated” beam, and the angular  

resolution is obtained by adding up all the scanning re-
sults[8]. A representative X-ray calibration facility for the 
method is the 30 m X-ray calibration facility of the In-
stitute of Space and Astronautical Science (ISAS) in Ja-
pan, which can provide a collimated X-ray beam with a 
maximum width of 4 mm and a divergence angle of 
28"[10]. It is clear to see that these two methods are accu-
rate and reliable enough. However, the giant X-ray cali-
bration facility for the first method is usually quite cost 
to be built, and the second method is time consuming due 
to scanning the full pupil with a narrow “collimated” 
beam. Besides, both of them have to be performed in 
vacuum since the soft X-ray is easy to be absorbed by the 
air. Therefore, it is quite difficult to characterize the an-
gular resolution of SXT at operational waveband, con-
veniently. 

In order to reduce the characterizing difficulty, this 
paper propose a novel method that does not need to be 
performed in vacuum and does not need to place the 
source away from the SXT. The method is based on the 
image quality analysis model of the soft X-ray telescope 
proposed by James Harvey[11] as shown in Fig.1. The 
impact factors of the imaging quality for the soft X-ray 
grazing incidence telescope include geometric aberration, 
aperture diffraction, surface scattering and miscellaneous 
residual errors (assignment errors, environmental factors, 
and machining errors, etc.). Harvey has pointed that the 
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convolution of the point spread function (PSF) corre 
sponding to each above factor gives a well approxima-
tion to the rigorous PSF of the telescope[11]. That is to say 
the imaging process of an object by SXT can be regarded 
as a degradation process of the original image of the ob-

ject. This means that the original image of the object is 
degraded by the geometric point spread function (GPSF), 
aperture diffraction point spread function (ADPSF), sur-
face scattering point spread function (SSPSF) and resid-
ual error point spread function (RESPSF).  

 

Fig.1 Image quality analysis model of the soft X-ray grazing incidence telescope, where * indicates convolution 
 

The geometric aberration and miscellaneous residual 
errors are independent of wavelength, while the aperture 
diffraction and surface scattering are dependent of 
wavelength. In this paper, the combination of the geo-
metric aberration and miscellaneous residual errors is 
called as the “focusing error”. And the original image 
degraded by the “focusing error” is called the “geometric 
image”, which can be restored from the measured image 
at visible waveband by removing the diffraction effect 
through the image restoration algorithm conveniently. 
Furthermore, the image formed by the SXT at opera-
tional waveband can be calculated by convolution of the 
“geometric image”, operation-waveband ADPSF and 
SSPSF. Therefore, the operation-waveband resolution 
testing target image can be obtained from the resolution 
testing target image at visible waveband, which means 

that operation-waveband angular resolution can be char-
acterized at visible waveband, indirectly.  

The flow chart of the method is shown in Fig.2. First, 
the “geometric image” ˆ ( , )f x y  is obtained by removing 
the aperture diffraction effect from the resolution testing 
target image g(x, y) measured at visible waveband by im-
age restoration, since the surface scattering can be negligi-
ble at the visible waveband. And then, the opera-
tion-waveband resolution testing target image, gX(x, y), is 
calculated by convolution of the “geometric image” 

ˆ ( , )f x y , operation-waveband ADPSF and SSPSF. Finally, 
the angular resolution is calculated from opera-
tion-waveband resolution testing target image. According 
to the above analysis, it is clear to see that the two critical 
steps of the method are the restoration of “geometric im-
age” and the calculation of operation-waveband SSPSF.  

 

Fig.2 Flow chart of operation-waveband angular resolution testing, where * indicates convolution 
 
The setup of the angular resolution testing system is 

shown in Fig.3, which is composed of a Newton colli-
mator designed for the angular resolution testing. The 
focal length of the collimator is 3.75 m, and it has a 
spherical primary mirror with a diameter of 250 mm, 
which can produce a parallel beam with a divergent an-
gle less than 2". The source is a tungsten lamp, and a 
bandpass filter with central wavelength of 570 nm is 
placed before it to provide a quasi-monochromatic light. 
The standard USAF1951 resolution testing target is 
placed on the focal plane of the collimator and illumi-
nated by testing source. Then the collimated beam goes  

through the SXT and focuses on the CCD placed at focal 
plane. The pixel size of the CCD is 6.5 μm, and the 
number of the pixels is 576×720. 

 
Fig.3 Setup of the angular resolution testing system
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The size of the resolution test target is 101.6 mm in 
length and 81.6 mm in width, and it is made up of 10 
groups of resolution bar-sets whose group number are 
from −2 to 7, and each resolution bar-set group includes 
6 pair-lines. The spatial frequency in cycles per millime-
ter is given by 

1

62
kN

L
−+

= , (1) 
where N and k are the group number and pair number of 
USAF1951 resolution testing target, respectively. The 
width of bar-set is then divided by the focal length of the 
collimator, which results in determination of the angular 
resolution. In other words, the measured resolution is 
calculated by 

m
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where fo is the focal length of the collimator.  
Fig.4 shows the SXT in our lab, which is Wolter type I 

designed with the primary and secondary grazing inci-
dence mirrors fabricated in a single naked zerodur sub-
strate. The axial length of each mirror is 47.5 mm with a 
gap between the two mirrors of 5 mm. The field of view 
is 42', and the operational waveband ranges from 0.6 nm 
to 6 nm. The focal length of the SXT is 655 mm. Fig.5 
shows the resolution testing target image received by 
CCD. 

 

 

Fig.4 Photo of Wolter type-I soft X-ray grazing inci-
dence mirror in our lab 
 

 

Fig.5 Resolution testing target image at visible 
waveband (570 nm) received by CCD 

 
The irradiance distribution of aberration-free imaged 

by an annular aperture with linear obscure ratio of ε is 
given by  
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where J1(x) is the Bessel function of the first kind, and x 
is the normalized radius in the focal plane, which is 
expressed as 

/

rx
f D
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′λ

,                               (4)
 

where λ is the wavelength, r is the radius in the focal 
plane, f' is the focal length, and D is the diameter of the 
optical system, respectively[5]. Fig.6 shows the ADPSF 
of the telescope at wavelengths of 570 nm and 4.47 nm, 
respectively.  

 

(a) ADPSF at wavelength of 570 nm 

 

(b) ADPSF at wavelength of 4.47 nm 

Fig.6 ADPSF with obscuration ratio ε=0.98 
 

The image restoration methods that are commonly 
used include Wiener filter, constrained least-square filter 
and Lucy-Richardson algorithm[12]. Wiener filter and 
constrained least-squares filter are both linear method, 
while Lucy-Richardson algorithm is a nonlinear iterative 
method. As is well known that the image can be affected 
by various factors during the taking process, and the 
nonlinear technique is superior than linear technique in 
many application fields[13]. Therefore, Lucy-Richardson 
algorithm is adopted for image restoration in this paper. 
Since the principle and derivation of Lucy-Richardson 
algorithm is not key for this paper, this only presents the 
final expression of Lucy-Richardson algorithm and the 
corresponding iterative formula[12]:
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where f(x, y) is the original image, g(x, y) is the degraded 
image, and h(x, y) is the degradation function. Eq.(6) is 
the iterative formula of Eq.(5), where k is the iterations. 
The initial value of f(x, y) is f0(x, y) that is equal to g(x, y). 
As the iterations increase, fk(x, y) converges to original 
image f(x, y) according to probability. 

The iterations have to be determined before perform-
ing Lucy-Richardson algorithm. In this paper, it is de-
termined by the mean-square error between the measured 
resolution testing target image g(x, y) and the convolu-
tion of the k-loop iterations fk(x, y), and the ADPSF at 
visible waveband. When the mean-square error is nearly 
unchanged, the iteration will be stopped. As shown in 
Fig.7, the mean-square error is nearly unchanged when 
the iterations is more than 200. Therefore, the iterations 
are determined to be 200. And the “geometric image” is 
shown in Fig.8. 

 

Fig.7 Mean-square error 
 

 

Fig.8 Restored “geometric image” of resolution test-
ing target 
 

The power spectral density (PSD) is required to ana-
lyze the surface scattering effect on the angular resolu-
tion of the grazing incidence telescope. Since the primary 

and secondary mirrors are fabricated by the same process, 
the surface statistics for them are assumed to be identical. 
Therefore, it only needs to characterize the surface 
roughness of the primary or secondary mirror. In this 
paper, we choose to characterize the surface roughness of 
the secondary mirror. 

It often takes different metrological instruments to 
measure the surface characteristics over the entire range 
of relevant spatial frequencies. Fig.9 illustrates the me-
trology data taken from (i) Form Talysurf PGI 1000S, (ii) 
Zygo surface profiler with a 7.5X objective and (iii) 
Zygo surface profiler with a 37.5X objective. When the 
PSDs from different instruments are superposed, an ap-
propriate function can fit to the composite surface PSD. 
In this paper, the composite surface PSD is fitted with 
the sum of a Gaussian function, two Lorentzian functions 
and a K-correlation function, which is expressed as 
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where σ1, L1, σ2, L2, σ3, L3, A, B and C are the fitting 
parameters. The fitting PSD is shown in Fig.9. 

BRDF is calculated according to Harvey-Shack sur-
face scattering theory[15]. Based on the BRDF, the scat-
tering model of the SXT is established in Zemax, and the 
SSPSF is calculated by non-sequence ray-tracing 
method[16]. The calculated SSPSF is shown in Fig.10. 

 

Fig.9 Measured PSDs of the grazing incidence mirror 
 

 

Fig.10 Normalized SSPSF
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The operation-waveband resolution testing target im-
age is calculated by the convolution of the ADPSF as 
shown in Fig.6(b), the “geometric image” as shown in 
Fig.8 and the normalized SSPSF as shown in Fig.10. The 
calculated result is shown in Fig.11, where the dotted 
box region is the key zone. After magnification, the key 
zone is shown as Fig.12. As shown in Fig.12, the barely 
resolvable bar-set is 2—4, the line-pair width of which is 
calculated to be 0.177 mm according to Eq.(1). And then, 
the operation-waveband (4.47 nm) angular resolution is 
calculated to be 9.72" on axis according to Eq.(2). 

 

 
Fig.11 Resolution testing target image at operational 
waveband (4.47 nm) 
 

 

Fig.12 Key zone of Fig.11, where the numbers of the 
set-bars are noted by the author 
 

The final step is to insure the accuracy of the angular 
resolution characterized by the novel method. Since the 
optical parameters of the SXT are nearly identical to 
those of the solar X-ray imager (SXI) onboard GOES-12 
satellite[17], it can be assumed that its angular resolution 
is quite close to that of the SXI. Fig.13 shows the PSF of 
the SXI at operational waveband (4.47 nm) on axis[18]. 
The image of the key zone formed by SXI is shown in 
Fig.14 which is obtained by convolving the PSF of the 
SXI with the “key zone” of the resolution testing target. 
As is shown in Fig.14, the barely resolvable bar-set is 
2—4, and the width of the line pair is calculated to be 
0.177 mm according to Eq.(1). And then, the angular 
resolution of the SXI on axis of 9.72" is calculated at 
operational waveband (4.47 nm) according to Eq.(2). 

Therefore, the angular resolution of the SXT is close to 
9.72" at operational waveband (4.47 nm). This indicates 
that the angular resolution of the SXT characterized by 
the novel method is quite close to the angular resolution 
at operational waveband (4.47 nm), which insures the 
accuracy of the angular resolution characterized by the 
novel method. 

 

 

Fig.13 PSF of the SXI onboard GOES-12 at wave-
length of 4.47 nm 

 

Fig.14 Image of key zone obtained by SXI onboard 
GOES-12, where the numbers of the set-bars are 
noted by the author 

 
In summary, a novel method is proposed to character-

ize the operation-waveband angular resolution of the soft 
X-ray grazing incidence telescope based on the image 
quality analysis model of the soft X-ray telescope. The 
SSPSF is calculated based on Harvey-Shack surface 
scattering theory. And then it is discussed in detail to 
restore the “geometric image” from the resolution testing 
target image measured at visible waveband. Finally, the 
operation-waveband resolution testing target image is 
obtained by the convolution of “geometric image”, op-
eration-waveband ADPSF and SSPSF, according to 
which the operation-waveband (4.47 nm) angular resolu-
tion of 9.72" is calculated. The method does not need to 
be performed in vacuum and does not need to place the 
source away from the SXT, which greatly reduces the 
testing cost and improves the efficiency for the devel-
opment of the X-ray grazing incidence telescope. 
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