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Abstract. In the last 20 years, x-ray imaging technology has developed
to meet the needs of x-ray photoetching, spatial exploration, high-energy
physics, and diagnosis of inertial confinement fusion. Because conven-
tional imaging methods are not suitable in the x-ray range, grazing re-
flective imaging and coded aperture imaging methods have been
adopted. In this paper, we describe the design of a noncoaxial grazing
incidence KBA microscope. The microscope consists of two sets of
spherical mirrors that scatter in orthogonal planes. An optical ray tracing
program is used to analyze and evaluate the theoretical aberrations of
the microscope. This allows us to optimize the x-ray imaging system.
The analytical results provide a reliable foundation for determining the
useful range and the manufacturing and assembly tolerances of the
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1 Introduction

Conventional visible-light imaging methods are not suitable
for x-rays, for at least two reasons (1) the index of refrac-
tion is very close to unity,' and (2) refractive imaging is
almost impossible near normal incidence.

In 1922, Compton discovered that under grazing condi-
tions x rays can reflect from pohshed surfaces, and total
external reflection is observed.” In 1948, Kirkpatrick and
Baez developed a grazing-reflection anastigmatic x-ray im-
aging system called a KB microscope (or telescope) that
consists of two perpendicular spherical mirrors (or cylindri-
cal surfaces) and utilizes the theory of total external
reflection.’ Although the KB microscope eliminates astig-
matism, its field inclination and coma are very severe, re-
stricting its development and applications.

In 1951, Wolter developed the Wolter I, Wolter II, and
Wolter III telescope (or microscope) systems,4 which ex-
tend the performance of grazing-reflection imaging sys-
tems. Unfortunately, it is difficult to make a Wolter-type
microscope with good surface roughness because of its
closed structure (surfaces of revolution are needed) and be-
cause it requires aspheric mirrors. The residual surface
roughness also makes it difficult to apply the Wolter micro-
scope for high-energy x-ray imaging because of the in-
crease in scattering at shorter x-ray wavelengths.

The AKB system, developed by R. Kodama, Yosihio
Suzuki, and others in 1989, is composed of two sets of KB
systems to decrease the field inclination and correct aberra-
tions. When aspheric mirrors are adopted in that system,
although the imaging quality is improved, fabrication is
quite difficult. Sauneuf et al. developed a new type of im-
aging system, called the KBA microscope (or telescope)

0091-3286/2006/$22.00 © 2006 SPIE

Optical Engineering

046502-1

(from French KB amélioré, meaning “improved KB”) in
1997. The microscope consists of two sets of perpendicular
spherical mirrors, each consisting of two parallel mirrors.™
This system has advantages over other types of micro-
scopes working at grazing incidence, such as increased
field of view and easy fabrication.

In the last few decades, x-ray multilayer technology has
developed fast which makes normal-incidence x-ray imag-
ing poss1ble Recently, normal-incidence reflective x-ray
microscopes using multilayer films at long wavelengths
(soft x-ray range) have been demonstrated,' but challenges
remain for applications in the medium and short wave-
length ranges.

We have designed a KBA x-ray microscope, working at
grazing incidence, to meet the requirements of the National
Key Laboratory of Laser Fusion at the Chinese Academy of
Engineering Physics, Mianyang, Sichuan. The purpose of
the equipment is to characterize an inertial confinement fu-
sion target exploded by a high-power laser. The equipment
has been manufactured and assembled. The emphasis of the
paper is on the computation and evaluation of the system
aberrations described in a previous paper,11 including
spherical aberration, coma, astigmatism, and field obliquity.
The analytical results provide a reliable basis for determin-
ing the useful spectral range, the manufacturing tolerances,
and the assembly tolerances of the KBA microscope.

2 Imaging Characteristics of KBA X-Ray
Microscope

KBA type microscopes as developed by Sauneuf et al. are
composed of two pairs of spherical (or cylindrical) mirrors
arranged so the pairs are perpendicular to each other. Each
pair of spherical mirrors has two dispersive mirrors, as
shown in Fig. 1. Because of the small glancing angle be-
tween the two mirrors they appear parallel. By making use

April 2006/Vol. 45(4)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 09/06/2012 Terms of Use: http://spiedl.org/terms



Hu et al.: Imaging quality analysis of a KBA x-ray microscope...

Fig. 1 KBA x-ray microscope.

of bimirror imaging characteristics, this kind of structure
can reduce field obliquity, spherical aberration, and coma.
Thus it can increase the effective field of view and improve
the imaging quality.

In Fig. 1, the front pair of mirrors is composed of mir-
rors L; and L,, with angle #,. The back pair, perpendicular
to the former, is composed of L; and L,, with angle 7,.
Here A is an object point, and A’ is the corresponding im-
age of A. The broken line AQ,0,0;04A" is called the
pseudoaxis of the system, and Q,, Q,, O3, Q4 are the apices
of the respective mirrors. The plane AQ,Q, is horizontal,
and that of 0;04A" is vertical. Off-axis thin rays near the
pseudoaxis can be calculated from Young’s equation:
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Here ¢, s, t', and s’ are the object distances and image
distances formed by the meridian and sagittal rays, 1,,,/ ; are
incident angle and refractive (reflective) angle of the prin-
ciple ray, n is the index of the front medium, n’ is that of
the back, and r is the curvature radius. If the imaging com-
ponent is a mirror, n'=—n=-1, Ip=—Ip, then (1) and (2)
become
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where 6 is the grazing angle, with =90 deg—1,, and f;, f;
are the focal lengths in the meridian plane and the sagittal
plane, respectively.

The reflectivity increases as the glancing angle de-
creases. However, field obliquity and other aberrations be-
come more severe as the glancing angle is decreased. We
have designed the KBA system taking into account the
working distance due to the implosion chamber size, the
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magnification determined from the pixel size of the x-ra
detectors, and the state of the art of manufacturing mirrors
to reduce astigmatism and image inclination. This KBA
x-ray microscope is designed to study inertial confinement
fusion (ICF) in the Shenguang II laser facility at the Na-
tional Key Laboratoqr of Laser Fusion. The system param-
eters are as follows:'

object distance L =-220 mm,

0,=6,=1.6 deg, 03=6,=1.9 deg,
R=29 m,
0:0,=27 mm, 0,05=25 mm, 030,=29 mm,

and the solid angle in object space, w=4 X 107 sr.

The aperture stops in the meridian plane and the sagittal
plane are placed separately in order to reduce the sizes of
the mirrors and make the structure compact. Based on our
modeling, we placed the stop on the second mirror in the
meridian plane, and the stop on the fourth mirror in the
sagittal plane.

The rays are traced on the basis of the preceding param-
eters using our own programs, and the final image distance
is L;=1786.73. The magnification is 7.925X in the hori-
zontal plane (the meridian plane), and 6.2316X in the ver-
tical plane (the sagittal plane). The different magnifications
in the two directions are caused by the difference between
the focal lengths in the meridian plane and in the sagittal
plane. This kind of error can be corrected by optical or
digital processing.

3 Analysis of Aberrations

For the aberration analysis, we consider the rays in the
horizontal and vertical planes separately. The incident rays
in the horizontal plane (called simply meridional rays) are
meridional rays for the front pair of mirrors, and become
sagittal rays for the back one. The vertical incident rays
(called simply sagittal rays) are sagittal for the front pair
and become meridional for the back pair. Since the focal
length in the sagittal plane is much longer than in the me-
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Fig. 2 Flow chart of the program.

ridian plane, the effect of the sagittal mirrors on the power
can be ignored, and that is the reason that cylindrical mir-
rors can be substituted for spherical mirrors." When the
horizontal aberrations are calculated, we only consider the
front pair of mirrors; when the vertical aberrations are cal-
culated, only the back pair. The precision of this method for
calculating aberrations is sufficient for evaluating imaging
quality.

The design method for this kind of microscope system is
discussed in our previous paper.ll In this paper we are con-
sidering a double-separated-stop system, for which a gen-
eral optical program is hardly suitable. We have compiled a
special optical computing program for the system. We use
this program to trace rays and calculate aberrations. When

-100?2 45105005115 2

field of view (mm)

Fig. 3 KBA astigmatism.

calculating rays and aberrations, the pseudoaxis is regarded
as the optical axis, the stop in the meridian plane is on the
second mirror, and the one in the sagittal plane is on the
fourth mirror. The flow chart of the program is shown in
Fig. 2.

3.1 Astigmatism

Astigmatism is the difference between focal point (or line)
of meridian and sagittal paraxial rays of an off-axis object
in image space and is the dominating aberration in an X-ray
imaging system with a small solid angle. In the presence of
astigmatism, a point source is imaged to two points (or
lines) at separate distances. As shown in Sec. 2, the object
distance of point A is 220 mm in the system. With the
program we have optimized the design so the image dis-
tances in the meridional plane and the sagittal plane are
1786.71 and 1786.73 mm, respectively. This means that
astigmatism 1is corrected in the system. We can see from
Fig. 3 that the astigmatism is quadratic in the field of view
and has an asymmetrical distribution relative to the optical
pseudoaxis.

3.2 Analysis of Field Obliquity

The image formation of a single mirror is illustrated in
Fig. 4, in which A and B are two object points, with A on
the pseudoaxis, and A" and B’ are their respective images.
If AB=0.5 mm and the grazing incidence angle of point A
is 1.6 deg, then the grazing incidence angle of point B is
1.6+180%0.5/2207r=1.7302 deg. From (3) and (4), the
focal lengths are f,=404.863 and fp=437.804, respec-
tively. The image distance can be obtained by using
Gauss’s  formula 1/1'—1/1=1/f". The results are
OA'=481.8144 and OB’'=442.2200. Thus the field oblig-
uity is B=88.41576 deg. This means the image plane is
severely inclined for a single mirror.

Fig. 4 Field obliquity of single mirror.
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B
Gaussian image plane 4'/

Fig. 5 Field obliquity of two mirrors.

The characteristic of double mirrors is used to reduce the
field obliquity, as shown in Fig. 5. With two mirrors, the
angle between incident rays and emergent rays is not
changed, that is, it equals double the angle between the two
mirrors, independent of the incident ray angle. Therefore
we substitute two mirrors for the single spherical mirror.

In Fig. 4, we illustrate how a line perpendicular to AO is
imaged to a line perpendicular to A'O. As shown, B is
focused at B’, but is a blurred disk at B”. The blur radius is
B"=2x%39.6082u’=0.045 mm (here u’'=0.000564 is the
aperture angle in image space). Obviously this blurring is
unacceptable. If the angle between two plane mirrors is 7
(=6, +0,), then the angle between the incident light beam
and the emergent light beam is 2% whatever the incident
angle is, as shown in Fig. 5. The angle between incident
rays and emergent rays does not change. Thus the image
plane A'B' is approximately perpendicular to the optical
axis, and the field obliquity is depressed. This is the main
reason why the KBA system adopts two double mirrors.
The field obliquity as a function of field of view is plotted
in Fig. 6. The difference of field obliquity between the me-
ridian line and sagittal line is caused by the asymmetry of
the microscope system.

3.3 Spherical Aberration

Strictly speaking, incident rays are all off axis, and the
pseudoaxis is regarded as the optical axis. The rays from
point A are successively reflected by four mirrors in the
KBA system, and finally, the different aperture rays inter-
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Fig. 6 KBA field obliquity.
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Fig. 7 Analysis of spherical aberration.

sect with the pseudoaxis at different locations. This devia-
tion of image point distances between aperture rays and
paraxial rays is called spherical aberration and expressed as
SL'=L'-1', as shown in Fig. 7. The transverse spherical
aberration is written as 67’ =4L' tan U'. This value is the
blur radius of longitudinal spherical aberration in the
paraxial image plane. We can see from Fig. 8 that the trans-
verse spherical aberration is asymmetrical, and the blur ra-
dius increases rapidly with aperture angle. In contrast with
general optical systems, the longitudinal spherical aberra-
tion of this system is nearly linear in aperture angle; thus
the transverse spherical aberration is nearly quadratic in
aperture angle, and the linear approach error is smaller than
6%. Because aperture angles are smaller on the left than on
the right in image space, transverse spherical aberrations
are likewise smaller on the left.

3.4 Coma

Coma is an aberration of an off-axis object that is a func-
tion of the aperture and the field of view in the optical
system. The coma has an important effect on the imaging
quality of an optical system, and there is no parameter for
correcting aberrations in the KBA system. However, the
coma is much lower for a KBA system than for a KB. In
general the field of view of the KBA microscope is below
2 mm. The coma of the microscope is sensitive to the graz-
ing incident angle, i.e., to the height of object. Here we
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Fig. 8 Transverse spherical aberration.
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Fig. 9 System coma.

mainly trace the principal ray and the upper and lower rim
rays to determine the coma value for given field. The coma
can be expressed as

where K is the coma of the given field in the meridian
plane, H| and H} are the image heights of the upper and
lower rim rays, respectively, and Hl’) is the image height of
the principal ray. We can see from Fig. 9 that the coma is
linear in the field height. This indicates that the third-order
coma is dominant in the system. In a coaxial system, the
tangential coma is generally 3 times as large as the sagittal
coma. For the KBA microscope, however, there is not
much difference between them, since the two sets of mir-
rors are perpendicular to each other and nonsymmetrical.
As the field of view changes from -2 to +2 mm, the coma
will decrease gradually, and the meridian coma and the
sagittal coma will be nearly equal. The maximum values of
the coma in the horizontal plane and the vertical plane are
79 and 53 um, respectively.

4 Image Evaluation
4.1 Spot Diagram and Encircled Energy

As described in the preceding section, there are insufficient
free parameters to correct all aberrations in the x-ray mi-
croscope. In order to minimize the aberrations, we deter-
mine the spot diagram and the modulation transfer function
(MTF) for quantitatively evaluating the image quality of
the system. This is valid for evaluation of systems with
large aberration.

When the aberrations exceed the Rayleigh limit by sev-
eral times, diffraction effects become insignificant, and the
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Fig. 10 Light-cone division.

results of geometric ray tracing may be used to evaluate the
appearance of a point image. This can be done by dividing
the entrance pupil of the optical system into a large number
of equal areas and tracing a ray from the object point
through the center of each small area. The intersection of
each ray with the selected image plane is plotted. Since
each ray represents the same fraction of the total energy in
the image, the density of the points in the plot is a measure
of the power density (irradiance or illuminance) in the im-
age. Obviously, the more rays are traced, the more accurate
the expression of the geometrical image becomes. The ray
intercept plot of this type is called a spot diagram.

Since it is difficult to accurately determine the entrance
pupil position in the system, we divide the light-cone angle
of an object point instead of using the method of entrance-
pupil division. We first divide the cone angle
(U=0.0646513 deg) into N, segments, then rotate these
lines around the primary ray (pseudoaxis). We next divide
every circle into N, segments. Therefore we need to trace
altogether N| X N, rays. This division method is illustrated
in Fig. 10.

A few spot diagrams of different fields within +2 nm are
shown in Fig. 11, in which the horizontal coordinate repre-
sents the size of the spot diagram in the X' direction, and
the vertical one represents the size in the Y’ direction. The
diagrams are plotted on the image plane perpendicular to
the pseudoaxis with intercept A’. Figure 11(a) shows that
the vertical blurring is almost independent of the horizontal
blurring direction, and Fig. 11(b) vice versa. It is apparent
that the severe asymmetrical distribution of the diagrams is
a consequence of the fact that the system is noncoaxial. The
coma of the system is very severe, and it restricts the ef-
fective field of view of the microscope. Figure 12(a) and
12(b) show the encircled energy plots corresponding to the
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Fig. 11 Spot diagrams of different points (a) on X axis in meridional plane; (b) on Y axis in sagittal

plane.
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spot diagrams of Fig. 11. Since the x-ray microscope has
large aberrations, the resolution criteria for small-aberration
systems are not suitable for it. It is generally regarded that
the circle enclosing 80% of the energy is the effective blur-
ring spot, and the reciprocal of the blurring spot’s diameter
in millimeters is the resolvable spatial frequency of the sys-

:
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Fig. 14 The MTF curves with different field along the X axis.

tem in line pairs per millimeter. From Fig. 12 we can see
that about 80% of the power is concentrated within a
30-um-diameter circle in the £1-mm field of view. This
shows that a resolution of 5 um (200 Ip/mm) for the ob-
ject can be obtained.

4.2 Optical Transfer Function

The optical transfer function (OTF) indicates how different
spatial frequencies are treated by an optical system, or by
some other system, such as a film, CCD, or fiber. In other
words, it represents the ability of an optical system to trans-
fer information. Since the OTF can objectively and quanti-
tatively indicate the imaging quality of an optical system, it
is a frequently applied to imaging quality evaluation.! The
OTF consists of the MTF and the phase transfer function
(PTF). The MTF equals the modulation ratio between an
object and its image at the same spatial frequency.

As shown in Sec. 4.1, the microscope is a large-
aberration system, and its point spread function (PSF) is
much larger than the diffraction-limited Airy disk. There-
fore its PSF can be calculated by using spot diagrams.12

First of all, the spot diagram is divided into many small
grid elements with equal intervals along the X’ (or Y’) di-
rection. The number of spots within each grid element rep-

Fig. 13 PSF of the (0, 0) field of view.
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Fig. 15 The MTF curves with different fields along the Y axis.

resents the power density along the X’ (or Y') coordinate.
Figure 13 shows the PSF in the field of view at (0, 0).

Since this system is off axis and severely asymmetric,
MTF curves of different field of view in the X and Y direc-
tions are very different. In Fig. 14 and Fig. 15, T represents
the MTF in the tangential direction, and S represents that in
the sagittal direction. From Fig. 14 and Fig. 15 we can see
that the imaging quality within the (0.5,-1.0) field of view
is satisfactory, and a resolution of 5 wm can be obtained in
object space.

5 Conclusions

From the preceding analysis we conclude that an optimized
KBA x-ray microscope is off axis and severely asymmetri-
cal, with insufficient parameters for correcting all aberra-
tions. Although astigmatism is eliminated, with increasing
field of view field obliquity becomes more and more severe
and spherical aberration and coma persist. As a result, its
effective field is restricted. The estimated resolution for the
KBA optics discussed is =5 um within a +1-mm field of
view.
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