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Abstract: To apply high-definition microscopy to the 
extreme ultraviolet (EUV) region in practice, i.e. to ena-
ble in situ observation of living tissue and the at-wave-
length inspection of lithography masks, we constructed 
a novel reflective objective made of three multilayer mir-
rors. This objective is configured as a two-stage imaging 
system made of a Schwarzschild two-mirror system as 
the primary objective and an additional magnifier with 
a single curved mirror. This two-stage configuration can 
provide a high magnification of 1500, which is suitable 
for real-time observation with an EUV charge coupled 
device (CCD) camera. Besides, since off-axis aberrations 
can be corrected by the magnifier, which provides field 
flattener optics, we are able to configure the objective as 
a flat-field anastigmatic system, in which we will have a 
diffraction-limited spatial resolution over a large field-of-
view. This paper describes in detail the optical design of 
the present objective. After calculating the closed-form 
equations representing the third-order aberrations of the 
objective, we apply these equations to practical design 
examples with a numerical aperture of 0.25 and an opera-
tion wavelength of 13.5 nm. We also confirm the imaging 
performances of this novel design by using the numerical 
ray-tracing method.

Keywords: aberration theory; extreme ultraviolet; micro-
scopy; multilayer mirror; soft X-ray.

1  Introduction

Researchers in extreme ultraviolet (EUV) and soft X-ray 
optics aim to develop an imaging system that can focus 
these types of light and form an image with diffraction-
limited spatial resolution. In particular, there has been 
a growing demand for a microscope objective for appli-
cations in the shorter wavelength region, intended for 
in situ observation of living tissue [1–3], defect inspection 
of lithography masks [4–6], and intense-field genera-
tion with higher harmonics and free-electron lasers [7, 8]. 
Because of the high absorption of optical materials, tradi-
tional lenses cannot be used in the EUV region. Instead, 
objectives based on a diffractive zone plate and reflective 
multilayer mirrors have been investigated. To achieve EUV 
and soft X-ray microscopy with high resolution, there are 
two main technical challenges associated with the objec-
tive. First, the objective should have high magnification. 
We shall consider the case of the characterization of fine 
structures at a scale of a few tens of nanometers, which 
corresponds to organelles in living cells or defects on 
lithography masks, using a full-field microscope. Since 
the pixel size of common two-dimensional detectors for 
use in the EUV region, i.e. CCD cameras and  microchannel 
plates, ranges between 10 and 50 μm, the objective 
should form an enlarged image at a high magnification of  
500–2000 on the detector for the detection of fine struc-
tures. Secondly, aberrations of the objective should be 
corrected and reduced to an extremely small value for 
diffraction-limited imaging, so as to eliminate image blur-
ring. According to Maréchal [9], the allowable wave aber-
ration of the objective operating at a wavelength of 13.5 nm 
drops to 1 nm root mean square (rms), for example.

A diffractive zone plate is a notable instance of an 
objective satisfying these two requirements of EUV micro-
scopy. Wave diffraction occurring on a concentric grating 
on a flat transparent membrane enables the zone plate to 
act as a focusing or imaging element under high magni-
fication. Moreover, by using wave optics theory [10], the 
grating patterns can be designed to correct spherical aber-
rations, where blur-free imaging with diffraction-limited www.degruyter.com/aot
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resolution would be expected near the optical axis. On 
the other hand, it is also known that a zone plate cannot 
correct off-axis aberrations in the Seidel theory, i.e. coma 
and astigmatism, since a zone plate does not have a suffi-
cient degree of freedom in its design space to correct these 
aberrations. Typically, the imaging of objects several 
micrometers away from an optical axis would result in 
blurring because of these off-axis aberrations.

An optical system consisting of reflective multilayer 
mirrors is another instance of an objective with better 
correction of the off-axis aberrations. The Schwarzschild 
objective, a representative two-mirror objective for micros-
copy, can be configured to correct the first three Seidel 
aberrations, i.e. spherical aberration, coma, and astig-
matism, to be an anastigmatic system [11–14]. As image 
blur for objects several tens of micrometers away from an 
optical axis can be remarkably low, diffraction-limited 
imaging would be expected to be possible in a wider field-
of-view with the Schwarzschild design. In contrast to a 
zone plate, however, this mirror objective has practical 
limitations on achieving a high magnification. Horikawa 
et al. has demonstrated a Schwarzschild objective with a 
magnification of 200 [15]. However, it has also been shown 
that as the magnification increases, the system will have 
to consist of very small multilayer mirrors with diameters 
of a few millimeters, which are very difficult to fabricate. 
This practical limitation on the magnification  necessitates 
a two-dimensional detector with a pixel size of  < 1 μm, i.e. 
a photographic film or an electron-zooming tube [16], 
for diffraction-limited imaging, where the quantum effi-
ciency would be fairly reduced or observations would be 
restricted to still images by the need for off-line develop-
ment. To overcome these limitations in existing micro-
scope objectives, we have recently proposed a novel 
objective design consisting of three multilayer mirrors [17]. 
It simultaneously achieves high magnification and good 
correction of the off-axis aberrations. This novel objec-
tive has been used for the observation of an EUV lithog-
raphy mask at a wavelength of 13.5 nm [18]. By combining 
this objective and a CCD camera, we have demonstrated 
full-field EUV images of lithography masks with near 
diffraction-limited resolution, where fine line and space 
patterns with a half pitch down to 30  nm were clearly 
resolved [19]. In this paper, we provide a detailed descrip-
tion of the optical design process for this three-mirror 
objective. First, we derive closed-form representations for 
the imaging aberrations in a three-mirror imaging system 
to the third order. Then, the closed-form equations were 
used to design an objective for high-magnification EUV 
microscopy with good correction of the off-axis aberra-
tions. In our design example, a magnification of 1500 for 
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Figure 1: Schematic drawing for the three-mirror objective. The 
objective is made of an additional magnifier with a single element 
(i = 1) and the primary objective with two mirrors (i = 3, 4).

a wavelength of 13.5 nm were taken as typical parameters. 
Finally, design performances including high resolution 
over a large field-of-view were confirmed by the numerical 
ray tracing method.

2   Third-order aberration coefficients 
for the three-mirror objective

2.1  Notations

In this section, we calculate the aberration coefficients 
for a microscope objective consisting of three multilayer 
mirrors in a finite conjugate. The objective is configured as 
a two-stage imaging system made of a primary two-mirror 
objective, i.e. the Schwarzschild design, and an additional 
magnifier consisting of a single curved mirror. For an easy 
understanding of the aberrations observed on a sample 
plane of a full-field microscope, we treat the optics in 
reverse order so as to produce a demagnification system. 
Employing a standard configuration and notations used 
in optical design [20], the imaging system consists of an 
object plane (i = 0), an additional magnifier (i = 1), an inter-
mediate image plane (i = 2), a primary objective (i = 3 and 
4), and a final image plane (i = 5), as shown schematically 
in Figure 1. The optical axis is taken as x in Cartesian 
coordinates with an object located on the y–z plane. The 
surface figure of the mirrors can be represented by the fol-
lowing formula, employing a fourth-order deformation 
coefficient, bi, modifying the radius of the i-th mirror cur-
vature, ri, in the form
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where (xi, yi, zi) are the coordinates with the mirror vertex 
taken as the origin. We also introduce the following 
quantities:
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lines, respectively, in Figure 2. On the basis of reference 
[20], general solutions to the third-order aberration coef-
ficients for the i-th optical element can be obtained:
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In these equations, auxiliary quantities are defined 
for simplicity as
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where hi and αi represent the height and the reduced angle 
of the incident ray, calculated by tracing the paraxial mar-
ginal ray through the system, while h ̅

i and α̅i are the cor-
responding values for the chief ray. The reduced angle is 
given by multiplying the inclination angle of the rays by 
the refractive index of the medium.

m: lateral magnification of the whole imaging system,
mp: lateral magnification of the primary objective,
di: distance between the i-th and (i+1)-th items in Figure 1 
(i = 0–4),
Ni: refractive index of the medium traversed by the ray 
while traveling from the (i-1)-th item to the i-th item in 
Figure 1 (i = 1–5). The refractive indices are set to +1 or -1 
[21], depending on whether the direction of the ray travel 
along the x axis is positive or negative, respectively:

 1 4 2 3 5-1, 1.N N N N N= = = = =  (2)

2.2   Derivation of third-order aberration 
coefficients

A lateral aberration on the image plane for an object that 
has a Gaussian image height, R, is given in terms of five 
Seidel coefficients for the y direction as
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and for the z direction as
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where I, II, III, P, and V denote the coefficients for the 
spherical aberration, coma, astigmatism, Petzval sum 
representing field curvature, and distortion, respectively. 
The polar coordinate (NA, ϕ) of the pupil is expressed by 
the numerical aperture, NA, in the image plane, while the 
angle ϕ is measured from the y-axis in the direction of the 
z-axis. In this report, the first four aberration coefficients, 
I, II, III, and P, are considered since image blurring should 
come from these aberration terms. The term of distortion, 
which is proportional to the cube of the image height 
but independent of the numerical aperture, should not 
introduce an image blur, so that we disregard the effects 
of distortion in the following analysis. These aberration 
coefficients for the whole system can be calculated by 
summing up the contributions of the primary objective 
and the additional magnifier. As the coefficients for the 
primary objective have already been studied minutely in 
previous papers [22, 23], we calculate the aberrations of 
the additional magnifier in the following analysis.

The aberration coefficients of the additional magni-
fier can be calculated by tracing two paraxial rays, a mar-
ginal ray and a chief ray, shown with solid and dashed 
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Figure 2: Generalized single-mirror configuration for the additional 
magnifier. ui and ui̅ in the figure represent inclination angles of the 
marginal and chief rays, respectively.
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Next, we will transform the set of general equations 
above for the additional magnifier.

The procedure involves calculating the two paraxial 
rays with the following ray-tracing equations to the first 
order:
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where φi denotes the refractive power defined as the 
inverse of the focal length, fi, of the i-th element:
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For the marginal ray, we have the following 
relationships:
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Substituting equations (2) and (16)–(18) into equa-
tions (13) and (14), we get:
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For easy calculation of the parameters related to the 
chief ray, we introduce the entrance pupil of the primary 
objective, which is a separated from the additional magni-
fier by a distance, dp. From the definition of the chief ray, 
we have
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where hp̅ represents the height of the chief ray on the 
entrance pupil. For the chief ray, we combine equations 
(13), (14), (23) and (24) to obtain:
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By introducing the following practical approxima-
tions, we can simplify the above expressions pertaining to 
the chief ray for the case of a high-magnification objective. 
We assume that the magnification of the whole system is 
much smaller than that of the primary objective, i.e.

 | | | | 1,pm m<< <  (29)

while the distance between the magnifier and the pupil, 
dp, should be much larger than the focal length of the 
magnifier, f1, i.e.
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Substituting equations (29) and (30) into equations 
(26)–(28) yields the following approximate functions:

 1 1/ ,ph m=  (31)

 1 1- / ,pmα φ=  (32)

 2 0.α =  (33)

Note that the suitability of these two approxima-
tions will be discussed using design examples in the next 
section.

Finally, the aberration coefficients of the additional 
magnifier (i = 1) can be calculated by substituting equa-
tions (2), (15)–(18), (20), and (31)–(33) into equations (5)–
(12), which yields
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correct one of the four aberrations in these equations by 
varying φ1 as a design parameter. To achieve a wide field 
of view, an efficient use of the limited design parameter 
is to reduce the Petzval sum by using the additional mag-
nifier as field flattener optics [24]. To reduce the Petzval 
sum, we need

 1 0.pP P P= + =  (38)

Then, by substituting equation (37) into equation 
(38), the design parameter φ1 becomes

 1 .pPφ =  (39)

The construction parameters for the additional mag-
nifier can be calculated by combining equations (15), 
(21)–(22), and (39). The results are tabulated in Table 1. To 
compensate for reducing the Petzval sum, other aberra-
tions, viz., spherical aberration, coma, and astigmatism, 
must arise in the spherical system. We estimate the effects 
of these residual aberrations by computing the lateral 
aberrations on the image plane. By substituting the aber-
ration coefficients of equations (34)–(36) into equations 
(3)–(4), we get the lateral aberrations for an off-axis object 
with an image height, R, of 100 μm, as summarized in 
column ‘Design A’ of Table 2. The coefficients for the spher-
ical aberration and coma were of the order of 10-4–10-10, and 
the corresponding lateral aberrations on the image plane 
were confirmed to be 1 nm or less, which is negligibly small 
compared to the Rayleigh resolution of the objective, i.e. 
33 nm. In contrast, astigmatism has the dominant effect on 
the spherical system. We observed a relatively large lateral 
aberration of 104 nm on a meridional plane (ϕ = 0°), while 
one-third of that value was obtained on a sagittal plane 
(ϕ = 90°). As a result of the field flattening effect of the addi-
tional magnifier, however, these lateral aberrations are 
expected to be smaller than those for the Schwarzschild 
objective on both the meridional and sagittal planes.

Equations (34)–(37) show that the aberration coeffi-
cients of the additional magnifier can be described by two 
independent design parameters, viz., the refractive power, 
φ1, and the deformation coefficient, b1, of the first mirror, 
for a given magnification of the whole imaging system, m, 
and of the primary objective, mp.

3   Design examples of high- 
magnification objective

The following design examples demonstrate how the 
aberration coefficients derived in the previous section can 
be applied to the design of high-magnification objectives 
with good correction of off-axis aberrations. We consider 
EUV objectives having a magnification, m, of 1/1500, a 
numerical aperture, NA, of 0.25, and an operating wave-
length of 13.5 nm. The Schwarzschild objective in our 
previous paper [23], which has a magnification mp = -1/50, 
is employed as the primary objective. The construction 
parameters for the Schwarzschild objective consisting of 
two spherical mirrors, i.e. the radii of curvature and mirror 
separations, are listed in Table 1. We only consider the 
Petzval sum, Pp, as a residual aberration arising from the 
primary objective, since the other aberration terms, i.e. 
spherical aberration, coma, and astigmatism, vanish in 
the Schwarzschild design, as shown in Table 2.

Now we shall treat the case where the additional mag-
nifier is made of a spherical mirror, i.e. b1 = 0, as a practi-
cal example (design A). In this case, equations (34)–(37) 
indicate that we have one independent parameter, i.e. 
the refractive power, φ1, in the design space of the high- 
magnification objective, and there is a possibility to 

Table 1: Construction parameters for the design examples of the 
three-mirror objective.

Radius of curvature   r1 (mm)   38.447
  r3 (mm)   24.286
  r4 (mm)   65.935

Mirror deformation   b1 (m-3)   -1.76 × 104

Separation distance  d0 (mm)  -595.93
  d1 (mm)  19.864
  d2 (mm)  956.106
  d3 (mm)  -41.624
  d4 (mm)  85.607

For the Schwarzschild objective, the parameters were derived by 
third-order theory [23], except for the mirror separations d3 and 
d4, which were slightly modified to reduce higher-order spherical 
aberration.

Table 2: Third-order aberration coefficients for the design exam-
ples, and corresponding lateral aberrations computed on the final 
image plane. 

  Design A  Design B  Schwarzschild

Spherical aberration I   7.67 × 10-10  -1.09 × 10-8  0
Lateral aberration (nm)    < 0.1   < 0.1  0
Coma II   -1.03 × 10-4  -2.14 × 10-4  0
Lateral aberration (nm)   1.1  2.0  0
Astigmatism III   13.9  0  0
Petzvar P   0  0  52.0
Lateral aberration M (nm)  104.2  0  130.1
Lateral aberration S (nm)   34.7  0  130.1

Values for the Schwarzschild design are also shown as the 
reference.
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Further correction of the aberrations would be 
expected to occur upon introducing an aspherical surface 
to the additional magnifier, i.e. b1≠0 (design B). Since 
there are two independent parameters, viz., the deforma-
tion coefficient, b1, and the refractive power, φ1, in the 
design space of the aspherical system, we can correct not 
only the Petzval sum by satisfying equation (39), but also 
the astigmatism, which dominates the aberrations of the 
spherical system above, by optimizing the deformation 
coefficient. Substituting equation (39) into equation (36), 
we obtain the condition for correction of the astigmatism:
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The numerical value for the deformation coefficient is 
shown in Table 1. The coefficients of residual aberrations 
can be obtained by substituting equations (39) and (41) 
into equations (34) and (35). The lateral aberrations for 
these residual terms, i.e. spherical aberration and coma, 
were also computed, as shown in the ‘Design B’ column of 

Table 2. The coefficients were of the order of 10-4–10-8, and 
the corresponding lateral aberrations still had negligibly 
small values below 2 nm. This result clearly indicated 
that the first four Seidel aberrations to the third order, 
i.e. spherical aberration, coma, astigmatism, and Petzval 
sum, can be sufficiently corrected by introducing the 
aspherical magnifier. Thus, we were able to configure the 
three-mirror objective as a flat-field anastigmatic system 
with a very large field-of-view.

Finally, the imaging properties of the design exam-
ples above were confirmed with exact numerical cal-
culations. We applied the ray-tracing software CodeV 
(Synopsys, Inc., Pasadena, CA, USA) [25] in the following 
computations. Figure 3 shows spot diagrams observed 
on the final image plane for both design examples. As a 
reference, the results for the Schwarzs child objective are 
also provided. For an on-axis object, we observed almost 
the same diagrams in all designs. This suggested that the 
aberrations for the on-axis object were due to the Schwar-
zschild objective and that the additional magnifier had 
little effect. The above results are also consistent with 
the fact that the spherical aberration of the magnifier 
was negligibly small in both examples. When the image 
height increased, the image blur expanded in design A, 
as shown in Figure  3A. For the 100-μm-high object, we 

y=100 µm

A B C

y=70 µm

y=0 µm

100 nm 100 nm 100 nm

Figure 3: Spot diagrams calculated on the final image plane. (A) design A with spherical magnifier, (B) design B with aspherical magnifier, 
(C) Schwarzschild design. Vignetting effects were ignored in computations. Solid circles indicate the Airy disk that represents diffraction-
limited resolution.
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that the off-axis aberrations are eliminated efficiently 
in the proposed flat-field anastigmatic mirror objec-
tive, and that high-magnification EUV microscopy with 
diffraction- limited resolution can be expected over a fairly 
large field-of-view, about 20 times larger than that for the 
Schwarzschild design.

4  Summary
To enable the use of high-definition imaging in practical 
applications in the extreme ultraviolet region, i.e. for in situ 
observation of living tissue and at-wavelength inspection 
of lithography masks, there has been a growing demand 
for a wide-field microscope enabling real-time characteri-
zation with diffraction-limited spatial resolution. In this 
paper, we propose a novel reflective objective made of 
three multilayer mirrors and describe the optical design 
of this objective by demonstrating the high magnifica-
tion required for real-time observation with a CCD camera 
and good correction of off-axis aberrations yielding a 
large field-of-view. First, we consider a two-stage imaging 
system consisting of a Schwarzschild mirror as a primary 
objective and an additional magnifier made of a single 
curved mirror. Then, the imaging aberrations for this 
system are calculated and represented in terms of closed-
form equations by using third-order theory. Secondly, 
these equations are applied to design high- magnification 
objectives that have a magnification of 1500, a numeri-
cal aperture of 0.25, and an operational wavelength of 
13.5 nm. We report two design examples. One features a 
magnifier made of a spherical surface, where we correct 
the Petzval sum by accepting a small astigmatism. In our 
second example with an aspherical magnifier, we correct 
the first four Seidel aberrations and demonstrate a flat-
field anastigmatic objective by optimizing the extended 
design parameters of the magnifier. Finally, the imaging 
performance of these design examples is computed by 
applying the numerical ray-tracing method. We confirm 
the extended field-of-view in both examples. Particularly 
in the aspherical design, we clearly demonstrate that a 
diffraction-limited resolution of 33 nm would be expected 
in a wide field-of-view with a diameter of 540 μm.

To be able to construct a wide-field microscope based 
on the proposed three-mirror objective, a very large-scale 
CCD camera would be required as a two-dimensional 
detector. Such detectors have been reported during the 
development of large astronomical telescopes, including 
the Suprime-Cam camera for the Subaru telescope [26], 
which has 8000 mega pixels over a diameter of 200 mm. 

clearly observed the blur of an elliptical shape, which is 
typical in imaging with astigmatism. Besides, the locus of 
the lateral aberration, calculated by using equations (3) 
and (4) (shown with a blue dashed ellipse in Figure 3A), 
coincided fairly well with the spot diagram. In addition 
to showing the quantitative exactness of the closed-form 
representations derived above, this result suggests that 
the approximations given by equations (29) and (30) are 
adequate in the three-mirror imaging system with high 
magnification. In design B, further correction of the off-
axis aberrations was clearly observed. We confirmed that 
almost the same spot diagrams were obtained regardless 
of the image height, as shown in Figure 3B. Moreover, the 
spot diagrams were nearly isotropic for all image heights. 
These two facts imply that the aberrations of asymmetry, 
i.e. coma and astigmatism, should be sufficiently reduced 
and that the objective should have a flat imaging field.

To quantify the field-of-view of the objectives, the 
Strehl definition was calculated as a function of the image 
height, as shown in Figure 4. According to Maréchal, an 
imaging system should have a Strehl definition of over 0.8 
for diffraction-limited imaging [9], and we can estimate 
the field-of-view of our design examples by applying this 
criterion. In design A, made of spherical mirrors, we con-
firmed that diffraction-limited imaging can be achieved 
in an extended field-of-view. The criterion was satisfied 
at an image height below 80 μm, which is 30% higher 
than that for the Schwarzschild design, i.e. 60 μm. In the 
case of design B, which introduced the aspherical magni-
fier, the Strehl definition hardly depended on the image 
height below 100 μm, slowly reaching the threshold at 
an image height of 270 μm. This clearly demonstrated 
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Figure 4: Strehl definition as a function of image height on the final 
image plane. According to Maréchal, a Strehl definition above 0.8 
would be required for diffraction-limited imaging. To avoid obstruc-
tion of light rays to the primary objective on the object plane (i = 0), 
we can place an object in the annular area that has an image height 
of over 3 μm.



346      M. Toyoda: Flat-field mirror objective for extreme ultraviolet microscopy

These techniques for large-scale CCD cameras can be 
applied to the EUV region, and the proposed objective 
would be key to realizing a wide-field microscope for 
applications in various research fields including the life 
sciences, materials science, and the semiconductor indus-
try, where the capability for multi-scale imaging is an 
essential requirement.
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