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Holographically made zone plates are described. Imaging properties and spectrometric applications are discussed. 
Experimental results with soft X-radiation are given. 

1. Introduction 

It is well known that the refractive index of  all ma- 
terials in the soft X-ray region is slightly less than uni- 
ty. Therefore it is impossible to construct normal re- 
fractive optics. There are, however, two other possi- 
bilities for imaging in this spectral region, namely, re- 
flectance optics with grazing incidence and diffraction 
optics. Whereas in the field of  X-ray astronomy re- 
flectance optics with grazing incidence is widely used, 
in the field of  X-ray microscopy diffraction optics is 
more suitable. 

2. Holographically made zone plates with large zone 
numbers 

A special case of  diffraction optics are zone plates, 
i.e., circular gratings with radial increasing line densi- 
ty. Zone plates with large zone numbers can be real- 
ized holographically by superposition of  two spheri- 
cal waves or one spherical wave and one plane wave 
[1,2.] This interference pattern is produced by using 
the radiation of  an Ar + (457.9 nm) or a Kr + (350.7 
nm) ion laser. By subsequent preparation the interfer- 
ence pattern is converted into a zone plate consisting 
o f  opaque gold rings on a thin organic layer transpar- 
ent to soft X-rays. 

The optical path difference between rays from P to 
Q via two subsequent zones with the radii r n and rn_ 1 

is X/2, this means 
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Fig. 1. Principle of zone plate construction. 

~ + r / = s  + t - n X / 2 ,  (1) 

2+.2~1/2 , 2 -  2~1/2 or ~+r/+nX/2 = (~ ,n) + tr/ *rn)  . (2) 

The expansion of  (2) gives 

n X -  n / ~ +  - 4  + .... 

If one is only interested in aberrations up to the third 
order, one can use in the second term of  (3) the ap- 
proximation r 2 = n X f w i t h f  1 = ~-1 + 77-1. With V = 
~/r/one obtains 

.2x, [ v, +1 } 
r2=n)tf+- 4- [ ( g + l )  3 . (4) 

Up to now only zone plates with f-numbers o f  50 to 
100 in the soft X-ray region (X ~ 5 nm) have been 
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made holographically. At this point of  development 
the third-order aberrations can be neglected. The on- 
ly aberration o f  practical importance at this point of  
development is the spherical aberration which occurs 
by using zone plates with wavelengths different from 
the wavelength used for construction. This aberration 
can be corrected by using wavefronts with spherical 
aberration for constructing the zone plate. In the 
case that a zone plate is made with a spherical wave 
and a plane wave (7 -+ co) a variation o f  ~ has to be 
used in the following form [2] 

r 2 1/2 

~1 refers to the first zone, ~n to the nth zone with 
A~n = ~1 -~n" The proper value of  A~ n can be ob- 
tained by using r n of  eq. (4). Thus it is possible to 
make zone plates holographically for a desired wave- 
length, e.g., 4.4 nm, and a desired V. 

For X-ray zone plates which are made with visible 
light the correction for example can be obtained with 
good approximation by using a piano-parallel plate P 
as shown in fig. 2. 
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Fig. 2. Optical arrangement for the construction of zone 
plates with corrected spherical aberration. 
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Fig. 3. 

Fig. 3 shows the focal length of the above mentioned 
zone plate for the X-ray wavelength of  CKc~ (4.5 nm) 
as a function of  r n . T h e  solid curve corresponds to the 
uncorrected zone plate if made with 457.9 nm. The 
points are measured values and show that these zone 
plates are well corrected concerning spherical aberra- 
tion. 

Fig. 4. Microscopic structures imaged with a zone plate using 
CKa radiation (4.5 nm). 

3. Results 

For microscopic purposes zone plates with the fol- 
lowing parameters were made inour  laboratory: r n = 

0.7 ram, r 1 = 17.4/am (f4.5 nm = 68 ram), N = 1600. 
The zone plates are initially recorded in photoresist. 
Subsequent preparation yields a ring system in gold 
on a thin organic layer transparent to soft X-rays. To 
test such zone plates a strong X-ray source was devel- 
oped [3] which was installed in a vacuum chamber. 

Fig. 4 shows a photo o f  microscopic structures made 
with CK~ radiation and a zone plate with the above 
mentioned parameters masked to a diameter o f  1 mm 
and used in the first order. The photo shows wires 
with a diameter o f  10/am. The original enlargement 
was 10. The finest structures which can be resolved in 
this image are 2/am. With monochromatic radiation 
the zoneplates used should be able to resolve struc- 
tures of  about 0.3/am corresponding to the width o f  
the outermost zones. That this value could not be ob- 
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tained up to now is caused by the line width of the 
used CKc~ radiation (compare fig. 6). According to 
eq. ( 4 ) f i s  approximately proportional to X 1. This 
yields a chromatic aberration disc proportional to 
AX/X with AX equal to the width of  the used X-ray 
line. To obtain the theoretical resolution a line has to 
be used with a value of A)t/X about ten times smaller 
than the CKa-line. It is therefore necessary to restrict 
the bandwidth. 

4. Zone plates used as linear spectrometer 

If a polychromatic parallel beam illuminates a zone 
plate at normal incidence, different wavelengths are 
focussed at different distances on the optical axis. 
Moving a counter combined with a small diaphragm 
along the optical axis yields a spectrum of the incident 
radiation. 

Fig. 5 shows the arrangement of  a zone plate spec- 
trometer and the instrumental profile as a function of 
the diameter o f  the diaphragm. The intensity distribu- 
tion near the focus along the optical axis for zone 
plates with large zone numbers is for monochromatic 
radiation proportional to a sinc-function. In this case 
calculations show that according to the Rayleigh cri- 
terion the spectral resolution is given by 

R = MAX = N/2, (6) 

where N / 2  = number of  grating spacings. To get this 
resolution it is necessary to use a diaphragm with a 
diameter not larger than the diameter of the Airy disc 
[compare curve 1) in fig. 5]. 

I ,  ~ [sinc (a -x ) ]  2 

ice: f t. when x<- d . ~  

I z = - w h e n  x >  d . f  
D 

In the case that the aperture of  the diaphragm is 
large compared to the Airy disc, the instrumental pro- 
file is purely given by the geometric conditions and 
defines a volc-function 

t const., when x <<. d f / D  ; 

i = (7) 
[ x 2, when x > d f / D .  

In this case the spectral resolution is given by 

R = X / A X  = r n / d  = D / 2 d .  (8) 

A zone plate spectrometer was built to measure the 
line width of  the CKc~-line which was used in our soft 
X-ray imaging experiments. The parameters of  the 
used zone plate which originally was made for an as- 
tronomical rocket experiment to image the solar co- 
rona are: r n = 2.5 mm, r 1 = 48.3/am (f4.5nm = 52 cm), 
N = 2600. To measure the line width the X-ray source 
illuminated the zone plate through a pinhole of  30/am 
diameter set up at a distance of  2f. The measuring dia- 
phragm was of  the same size. This arrangement has an 
instrumental profile which is intermediate between 
the profiles 1) and 2) of  fig. 5. 

Fig. 6 shows the profde of  the carbon line used, 
numerically corrected for the instrumental profile. 
The profile is in good agreement with measurements 
performed with grazing incidence spectrometers [4, 
5]. From the results in fig. 6 it is obvious that a better 
spatial resolution when imaging microstructures with 
this line can only be received by restricting the band- 
width. 
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Fig. 5. Principle of a zone plate spectrometer. 
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Fig. 6. CK~-iine profile measured with a zone plate spectrom- 
eter. 

5. Conclusions 

chromator. By adequate choice of the pinholes a 
small part of a broad line or of a cont inuum, e.g., syn- 
chrotron radiation, can be filtered. By using such a 
technique we hope to get the full resolution of holo- 
graphically made zone plates. 

Acknowledgement 

This work was supported by the Deutsche For- 
schungsgemeinschaft. 

References 

[1] G. Schmahl and D. Rudolph, Optik 29 (1969) 577. 
[21 D. Rudolph, Bundesministerium ffir Forschung und Tech- 

nologie, Forschungsbericht FB W 74 - 07 (1974). 
[3] B. Niemann, Diplomarbeit G6ttingen (1971). 
[4] J.E. Holliday, Advances in X-ray analysis, Vol. 13 (1971) 

136. 
[5] E.F. Kaelble, ed., Handbook of X-rays (Mc Graw Hill, 

1970) Ch. 38. 

A zone plate spectrometer can be used as a mono- 
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