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esign and imaging performance of achromatic
iffractive–refractive x-ray and gamma-ray Fresnel lenses

erald K. Skinner

Achromatic combinations of a diffractive phase Fresnel lens and a refractive correcting element have been
proposed for x-ray and gamma-ray astronomy and for microlithography, but considerations of absorption
often dictate that the refractive component be given a stepped profile, resulting in a double Fresnel lens.
The imaging performance of corrected Fresnel lenses, with and without stepping, is investigated, and the
trade-off between resolution and useful bandwidth in different circumstances is discussed. Provided
that the focal ratio is large, correction lenses made from low atomic number materials can be used with
x rays in the range of approximately 10–100 keV without stepping. The use of stepping extends the
possibility of correction to higher-aperture systems, to energies as low as a few kilo electron volts, and to
gamma rays of mega electron volt energy. © 2004 Optical Society of America

OCIS codes: 340.0340, 050.1970, 110.7440, 180.7460, 340.7460, 350.1260.
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. Introduction

one plates and Fresnel lenses are widely used at
-ray wavelengths for microscopy and microlithogra-
hy �see, e.g., Refs. 1–3� and have been proposed for
se in x-ray and gamma-ray astronomy.4–7 We con-
entrate here on phase Fresnel lenses �PFLs�, using
he terminology of Miyamoto.8 In PFLs the optical
hickness profile is such that the phase shift is every-
here exactly the same, modulo 2�, as that of an

deal refractive lens. This leads to a structure with
he same periodicity as a zone plate but with much
igher efficiency.
PFLs are attractive for high-energy astronomy, for
hich they offer the prospect of extremely high an-
ular resolution. Performance can be diffraction
imited, even in the gamma-ray part of the spectrum.
or diameters of a few meters this limit corresponds

o �0.1–1 micro arc second ����, opening the possibil-
ty of imaging the black holes in distant galaxies, for
xample. Equally important is the ability of PFLs to
oncentrate flux from a large collecting area onto a
mall, low-background detector, resulting in orders-
f-magnitude improvement in sensitivity compared
ith current techniques.
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In microlithography and microscopy, PFLs and zone
lates can provide spatial resolution somewhat finer
han the finest scale of the structure of the lens, which
an be2 of the order of a few tens of nanometers.

PFLs suffer from two major disadvantages. First,
he focal lengths tend to be long: Values of as much
s several million kilometers have been discussed for
stronomy.4 Second, in common with other diffrac-
ive optics, they are highly chromatic. For PFLs, as
or simple zone plates, the focal length is inversely
roportional to the wavelength, so the good imaging
erformance is available only over a narrow spectral
and.
Surprisingly, with the developments of techniques

or formation flying of two spacecraft, the first
roblem—that of focal length—does not seem to be
nsurmountable.9 Furthermore, accepting and us-

ng long focal lengths ameliorates chromatic effects.10

here are, though, practical limits to how far one can
o in this direction. For example, the distance be-
ween spacecraft flying in formation and carrying the
ens and detector of an astronomical telescope is lim-
ted by the thrust and the fuel consumption of the
hrusters that are necessary to overcome gravity gra-
ient effects and also by the size of the detector that
s necessary for a given field of view.

In some circumstances another consideration that
an help to overcome the limitations associated with
hromaticity is that a PFL can be used at wave-
engths over a wide band if the detector distance is
djusted for each wavelength in turn. There is little
oss in image quality or efficiency,4 but of course the
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4845



o
t

r
p
r
e
x
t
d
t
i
f
d

n
o
p
l
p
r

2

A
t
1
c
u
e
a
�
u
r
o
c

o
l
w
1
S
i
o
e
t
s

c
r
d
t
N
z
f
t
r
a
c
n

u
e

l
b
p
t
I
l
a
s
d
r
�
a
r
b
r

F
e
rection.

F
s

4

bserving time for any one wavelength is only a frac-
ion of the total time available.

It has long been known11 that full achromatic cor-
ection of the dispersion of a diffractive component is
ossible by use of another component in the configu-
ation originally proposed by Schupmann.12 How-
ver, this arrangement is unlikely to be useful in the
- or the gamma-ray case because it requires a fur-
her optical component to image the aperture of one
iffractive component onto the other. This addi-
ional optical component can be smaller, but it has
tself to be achromatic. Bennett13 has discussed the
act that there are intrinsic limits on correction of
iffractive elements by other diffractive elements.
Of interest here is the possibility, pointed out in a

umber of papers,5,7,14 of making an achromatic x-ray
r gamma-ray system by combining a diffractive com-
onent with a refractive one. The advantages and
imitations of these schemes are examined here. Em-
hasis is placed on astronomical telescope designs, but
eference is also made to laboratory applications.

. Diffractive–Refractive Achromatic Designs

t x-ray and gamma-ray wavelengths the real part of
he refractive index of a material is usually written � �
� 	, where 	 is small and positive �10�3 to 10�10�,

orresponding to refractive indices slightly less than
nity. At high energies15 and away from absorption
dges, 	 is approximately proportional to 
2, leading to
variation of the focal length of a refractive lens, D �


�fr��dfr�d
� � �2. Wang et al.14 have suggested the
se of the much larger anomalous dispersion in the
egion of the K and L absorption edges, but this occurs
nly in narrow bands. We concentrate here on what
an be achieved with D � �2.

For a diffractive lens, D � �1; so it follows5 that
ne can form an achromatic pair with combined focal
ength f by placing a diffractive component in contact
ith a refractive component �Fig. 1�a��. If, as in Fig.
�b�, the two components are separated7 by a distance
, then d2f�d
2 can be made zero as well as df�d
 � f

s the focal length of the combination measured from
ne of the components; here we use the first�. How-
ver, we shall see in Section 3 that some degree of
ransverse chromatic aberration is inevitable if the
eparation is nonzero.
The problem with either of these forms of refractive

orrection is that in most practical circumstances the
efractive lens must be very thick. Suppose that the
iffractive component is operating in order Nd �such
hat for a PFL the steps correspond to a phase shift

d2�; usually Nd � 1� and that it has Nz annuli �or
one pairs for a zone plate�. It will introduce a dif-
erential phase shift NzNd2� between the center and
he periphery. In both the contact and the sepa-
ated pairs, the refractive component must counter-
ct half of this difference. Thus it must have a
entral thickness t2�NzNd�2, where t2� is the thick-
ess that introduces a phase shift of 2�.
This thickness should be compared with the atten-

ation length, , of the material. Note that the rel-
vant value of  is one that includes the effects of
846 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
osses by incoherent �Compton� scattering as well as
y photoelectric absorption and, for high energies,
air production. Figure 2 shows t2� for various ma-
erials, and in Fig. 3 the ratio Q � �t2� is plotted.
f NdNz � Q, then correction by a simple refractive
ens as in Fig. 1 would require a lens in which the
bsorption losses at the center would be large. Con-
equently, there is a practical limit on the size of a
iffractive lens that can be corrected by a simple
efractive element; its diameter, d, must be less than
k� f0
0Q�1�2. Here k is 2�2 for the contact pair

nd 4��3 for a separated pair, and the subscript zero
efers to values at the nominal design energy. It can
e shown that the limit used here corresponds to
equiring a mean transmission of 1 � e�1, or 61%.
ig. 1. Use of a refractive lens to compensate for the chromatic
ffects in a PFL. �a� First-order correction, �b� second-order cor-
ig. 2. Thickness t2� necessary to produce a phase shift of 2� for
everal materials �P-C, polycarbonate�.
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Q is effectively the largest number of zone �pairs� in
diffractive lens that can be corrected in this way

assuming that Nd � 1�. As shown in Fig. 3, Q can
each a few hundred; the highest values are attained
ith materials of low atomic number �Z� and with
hotons of energy approximately 10–100 keV.
ithin this energy band, and provided that a large

ocal ratio f�d that requires a limited number of zones
s acceptable, the simple configurations shown in Fig.
can be used. The design and performance of such

ystems are discussed in Subsection 4.A below.
Where the absorption of a simple refractive corrector
ould be prohibitive, the natural solution is to reduce

he thickness in steps. The performance of such con-
gurations is examined in Subsections 4.B and 4.C.

. Design Parameters

or an achromatic contact doublet with net focal
ength f that combines a diffractive component for
hich D � �1 with a refractive component that has
� �2, the focal lengths of the two components need

o be fd � f�2 and fr � �f, respectively.
If the two lens components are not in contact but

re separated by a distance S, the transfer matrix
etween the input aperture and a detector plane dis-
ance f0 beyond it is

�A B
C D� ,

here, assuming that D � �2,

A � 1 �
εf0 f1 � ε2f0 f2 � f0 S � εf1 S � S2

ε3f1 f2
,

B � f0 � S
f0 � S

ε2f2
,

C � �
εf1 � ε2f2 � S

ε3f1 f2
,

D � 1 �
S

ε2f
, (1)

ig. 3. Absorption length divided by t2� for the materials in Fig.
.

2

1

nd ε is the photon energy normalized such that ε �
for 
 � 
0. For parallel incident radiation to be

ocused at f0 we set the term A to zero. Requiring
hat df�dε � d2f�dε2 � 0, as discussed above, leads to
he configuration shown in Fig. 1�b�, in which

S � f0�9,

fd � f0�3,

fr � ��8�27� f0. (2)

owever, the term B, which dictates the plate scale,
s then f0�1 � 1��3ε2��. The energy dependence of B
mplies that there is transverse chromatic aberration
lateral color�. If one sets the alternative con-
traints A � df0�dε � dB�dε � 0, the contact pair
S � 0� case discussed above is the only solution.

The transverse chromatic aberration is not neces-
arily an overriding problem. It has little effect if
he lens is used primarily as a flux collector, which is
ne of the important potential astronomical applica-
ions. Moreover, in imaging applications in which
he detector has the capability of determining the
nergy of each photon with adequate resolution, the
ffect can be corrected during data analysis. How-
ver, it may limit the usefulness of this configuration
n some applications, for example, in microlithogra-
hy.

. Imaging Performance

he complex amplitude of the response at distance f0
nd radial offset y to parallel radiation falling at
ormal incidence onto a thin lens of arbitrary circu-

arly symmetric profile is

�
0

r2

J0�y�s

f0

�exp��
t�s�


� i� � t�s�

t2��
�
�

s � y2

f0

��ds.

ere the total thickness t�s� of the lens combination is
pecified in terms of the parameter s � r2 rather than
adius r. Assuming that the wavelength depen-
ence of t2� corresponds to D � �2, rewriting in
erms of energy ε, and allowing for the possibility that
he incoming radiation is not parallel, such that
hase � will be a function of s, yield for the term in
races

��
t�s�


� i�� t�s�

t2��
0�

1
ε

�
s � y2

f0
0
ε � ��s��� . (3)

Numerical integration of this function provides
imple and precise evaluation of the response of a
ontact pair and, applied twice, the response of a
eparated pair to on-axis radiation.

. Unstepped Correctors

o illustrate the advantages gained with a simple
nstepped correction lens, either in a contact pair or
s part of a separated pair, Table 1 presents some
xample values for a space instrument that has a
ery long focal length �105 km� and works at the
stronomically interesting energy of 78.4 keV �44Ti
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4847
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ecay�. Figure 4 shows the on-axis response as a
unction of energy. The 0.1-keV bandpass of the un-
orrected lens can be increased to 4.7 keV �contact
air� or 27.7 keV �separated pair�. The bandwidth of
he separated pair is sufficiently large that a single
onfiguration could observe simultaneously at the en-
rgy of the 78.4-keV 44Ti line and at that of the 67.9-
eV line that accompanies it, as well as covering a

arge swath of continuum emission.
The on-axis point-source response function is close

o the Airy function of an ideal lens but is modified
lightly by the apodizing effect of the radially varying
ransmission. The width of the point-source re-

ig. 4. On-axis response of lenses for a nominal design energy of
8.4 keV and with the parameters given in Table 1. Dotted curves
how the response in the absence of absorption. Curves are nor-
alized such that the peak values are proportional to the effective

reas. The peak response of the separated pair is lower than that
f the contact pair because the absorption considerations discussed
n Section 2 require a smaller diameter. Variations in image
rightness linked to changes of the diffraction-limited resolution
ith energy have been removed.

Table 1. Example of a Lens Using Unstepped Refractive Correcting
Elements for an Astronomical Applicationa

Configuration Singlet Contact Separated

Diffractive component
Diameter �mm� 1310 1310 1070
Focal length �m� 10 � 107 5 � 107 3.33 � 107

Pitch �min; �m� 2420 1210 985
Separation �m� 0 1.11 � 107

Refractive component
Diameter �mm� 1310 715
Focal length �m� �10.0 � 107 �2.96 � 107

Thickness �mm� 39 39
Bandpass �keV� 0.1 4.7 27.7

aNominal energy, 78.4 keV; focal length, 1 � 108 m. The re-
ractive component is assumed to be made from beryllium. The
iameters of the achromatic combinations are chosen according to
he guidelines in the text, so the theoretical efficiency is 61% in
ach case. The singlet is assumed to have the same diameter as
he contact pair, though absorption does not preclude its being
ade larger. The bandpass quoted is the full width at half-
aximum of the on-axis response.
848 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
ponse function is reduced by a few percent, and the
ntensity of the first sidelobe is increased by �50%.

The contact pair has extremely low geometrical
berrations over a wide field of view, as would be
xpected for a thin lens with a large focal ratio. For
separated pair, the field of view is limited by vi-

netting at the corrector, and this diameter has to be
ade somewhat larger than the minimum 2�3 dd
eeded for on-axis radiation, with a consequent in-
rease in thickness �and hence in absorption�.
ithin the vignetting-limited field of view, geometri-

al abberations are entirely negligible.
It is natural to ask whether the configurations con-

idered here for space astronomy could be scaled to be
seful for laboratory applications. Table 2 shows
arameters for a 1-m focal-length system working at
0 keV. Concentrating on the separated pair, the
hickness�diameter ratio of the corrector lens would
e 9.57 mm�0.278 mm 	 34 in place of 39 mm�715
m � 0.055. Mechanically this is very far from a

hin lens. Because the radiation is always nearly
araxial, optically the thin-lens approximation used
n the above analysis remains a good first approxi-

ation, though no more than that. A small fourth-
rder term in the profile, amounting to 0.1% of the
hickness, is sufficient to correct the on-axis response.
ff-axis aberrations then remain smaller than the
iffraction blurring over a field 1.6 mm in diameter
ontaining �107 resolvable pixels. �To preserve the
nalogy with the astronomical case, focusing of a par-
llel input beam is assumed here. The 50% encir-
led power diameter is used as a measure of
esolution, and it has been assumed that the correc-
or is oversized by 10% to reduce vignetting.�

The examples quoted here represent approxi-
ately the extremes of size and of high and low en-

rgy for which unstepped configurations are likely to
e attractive.

. Stepped Contact Pair

s has been suggested above, the natural solution to
xcessive absorption in the refractive component is to
educe the thickness of the refractive component in a
tepwise fashion �Fig. 5�. Ideally the steps would be

Table 2. Example of a Lens Using Unstepped Refractive Correcting
Elements Similar to That in Table 1 but for a Laboratory Applicationa

Configuration Singlet Contact Separated

Diffractive component
Diameter �mm� 0.511 0.511 0.417
Focal length 1.0 0.500 0.333
Pitch �min; �m� 0.486 0.243 0.198

Separation �m� 0 0.111
Refractive component

Diameter �mm� 0.511 0.278
Focal length �m� �1.0 �0.296
Thickness �mm� 9.57 9.57

Bandpass �keV� 0.03 0.8 2.9

aNominal energy, 10 keV; focal length, 1 m. Other details as for
able 1.



a
e
p

s
c
t
W
c
o
o

a
o

5
�
i
u
m
T
i
t
d
b
c
c
d
0

c
6
p

o
s
l
w
r
f
s
t
p
a

n
v
t
F
o
t
l
i

t
a
f
d
c
t

b

F
r
N
p

F
c
t

2
a

n integer number, Nr, times t2�, but this cannot be
xactly true for all energies. We consider contact
airs first.
There are limits to the stepping process, as one can

ee by noting that, for a contact pair in which the two
omponents are made from the same material, all
hat is really important is the total thickness, t�s�.

ith Nr � Nd � 1 the resultant thickness profile of a
ontact pair would be as shown in Fig. 6, which is that
f a simple �chromatic� PFL of focal length f. At the
pposite extreme, for Nr � NzNd�2, no steps occur.
We consider here the performance of a thin contact

chromatic pair �Fig. 1�a�� with intermediate degrees
f stepping, Nd � Nr � NzNd�2.
To illustrate this case we take a lens for imaging

00-keV gamma rays that have a diameter of 2.048 m
511 keV or the energies of other lines of astrophys-
cal interest could equally have been chosen�. Fig-
re 3 shows that at this energy Q is �38 for any
aterial of which the atomic number is not too high.
his independence of material arises when the dom-

nant loss mechanism is Compton scattering: 
hen depends simply on the density of electrons, as
oes 	. Thus, although the lens is assumed here to
e made from polycarbonate, similar performance
ould be obtained from many other materials. Ac-
ording to the criterion of Section 2, the maximum
iameter for a simple unstepped corrector would be
.78 m for a focal length of 8 � 108 m.
To illustrate the effects of several design options we

onsider variations on a reference design with Nr �
4 and a focal length of 8 � 108 m. The assumed
arameters are given in Table 3.
The calculated on-axis responses for several values

ig. 5. Profile of a diffractive lens and a stepped compensating
efractive component. The example shown corresponds to Nd � 1,
r � 4. �a� Two distinct components in contact, �b� a single com-
onent with the same thickness profile.

ig. 6. Same as Fig. 5 but for Nd � 1 and Nr � 1. �b� The
ombined profile is identical to that of a simple PFL, so clearly in
his limit no compensation is achieved.
1

f Nr on either side of the reference design value are
hown in Fig. 7, and the effects of different focal
engths are shown in Fig. 8. A series of peaks occurs
ithin an envelope that is dictated by the uncor-

ected higher-order terms in the Taylor expansion of
. The total response integrated over all the peaks is
hown in Fig. 9. As would be expected, for large Nr
he absorption negates the gain from having more
eaks; the optimum in the example case is at Nr � 50
ccording to this criterion.
The spacing of the peaks is E0�Nr, where E0 is the

ominal design energy. Their fractional width is in-
ersely proportional to Nz, the number of annuli in
he refractive component, just as the finesse of a
abry–Perot interferometer depends on the number
f interfering beams. Thus, if Nr �and hence the
hickness and the absorption loss� is kept constant,
ong focal lengths widen the peaks and increase the
ntegrated response.

The point-source response function at energies be-
ween the peaks of the on-axis response is obviously
n important consideration. For energies away
rom these peaks the flux is spread into an extended
iffraction pattern with concentric rings that have a
haracteristic width that is comparable in scale with
he width of the ideal PSF �Fig. 10�.

For practical applications in which an image is to
e acquired, one can consider two possible situations.

Table 3. Parameters for the Example Gamma-Ray Lenses for
Astronomical Applications for Which the Performance is Shown in Figs.

7–9a

Figure
Focal Length

f0 �m�
Diffractor
Zone Nz Step Nr

Refractor
Zone Nzr

Thickness
�mm�

256 1 605
128 2 302
64 4 151

7, 9 8 � 108 512 32 8 75
16 16 38
8 32 19

— — 2.4
2 � 108 2048
4 � 108 1024

8 8 � 108 512 64 4 151
1.6 � 109 256
3.2 � 109 128

aParameters in common are nominal energy, 500 keV; diameter,
048 mm; material, polycarbonate. The reference design values
re in boldface.

Table 4. Widths of Point-Source Response Functions of the Lenses
Listed in Table 3 and Shown in Fig. 7

Optical System and Energy

Full Width at
Half-Maximum

����

Half-Power
Diameter

����

Ideal diffraction-limited lens 0.265 0.270
Achromat with absorption

500 keV 0.260 0.275
Averaged response,

450–550 keV
0.265 1.80
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4849
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f one has an energy-resolving detector that is capa-
le of recording a separate image for each of the
nergies at which the image response differs signifi-
antly, then postprocessing can recover most of the
maging performance of an ideal lens. If, however,
he energy resolution of the detector is insufficient to
solate the peaks in the on-axis response, the effective
ngular resolution will be degraded by mixing of the
ifferent responses. The point-source response
unction will then be one that is averaged over all
nergies within the band, as shown by the continuous
urves in Fig. 10. In the example used here, the
alf-power diameter would be degraded from 0.27 ��
�1 mm� to 1.8 ��.

If the compound lens is to be used to increase the
andpass of a projected image, in microlithography, for
xample, a degradation of resolution such as that in

ig. 7. On-axis responses of achromatic contact pairs with differ-
nt degrees of stepping of the refractive component, characterized
y Nr, where the thickness is reduced modulo Nrt2�. Focal length
nd diameter are kept constant. See Table 2 for detailed param-
ter values. Dashed curves, the response if there were no absorp-
ion. It can be seen that large values of Nr give a response that is
ore nearly continuous as a function of energy but with absorption

osses that become increasingly more serious. The energies indi-
ated by B–E are those for which the point-source response func-
ions are shown in Fig. 10 below.
850 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
ig. 10 will usually have to be accepted. It is possible
hat the multiple peaks in the response might be ad-
usted to correspond to multiple lines in a fluorescent
-ray source or in synchrotron radiation from an un-
ulator or to multiple astrophysical lines such as the
7.9–78.3-keV Ti line pair discussed in Subsection 4.A.
ig. 8. Same as Fig. 7 but showing the effects of different focal
engths for a specific value of Nr ��64�. Shorter focal lengths
equire a more powerful correction lens, which, for a given Nr, is
ivided into a larger number of zones, resulting in narrower indi-
idual peaks in the energy response. In the central plot showing
he reference design, which would otherwise be a repeat of the
orresponding plot in Fig. 7, the dashed curve indicates how the
esponse differs when it is seen by a detector integrating over a
ig. 9. Total on-axis response to a point source integrated over
nergy for the lens in Fig. 7, and the corresponding peak response,
hown for different degrees of stepping. The dashed curves again
how the results in the absence of absorption. Points for the
eparated pair described in Subsection 4.C are also shown.
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Where the compound lens is used as a flux concen-
rator, a small detector will receive the multipeaked
esponse seen in Fig. 7, whereas for a larger detector
he troughs will be filled in.

. Stepped Separated Pair

tepping can, of course, be used with a separated
chromatic pair. We can content ourselves here
ith presenting �Fig. 11� the on-axis response of a

eparated lens pair version of the reference gamma-
ay lens design considered in Subsection 4.B.

As for a contact pair, the response as a function of
nergy has multiple peaks whose number and width
re functions of the degree of stepping. Again be-
ween these peaks the flux is spread over a larger
egion, so the PSF is again broadened unless photons
ith these intermediate energies can be ignored.
he detailed processes that give rise to the peaks and

roughs are different because there is no longer a
ne-to-one correspondence between regions of the two
ptical elements. Although in the region of E0 the

ig. 10. �a� Point-source response function of the lens in Fig. 7,
veraged over energies 450–550 keV. �A, thickest curve� and at
elected energies �B, 500.0 keV; C, 503.8 keV; D, 505.1 keV; E,
39.0 keV�. Data have been normalized to the central peak, ex-
ept for 503.8 keV, where there is none. �b� Corresponding frac-
ional encircled power as a function of radius. Absorption is taken
nto account.

ig. 11. On-axis response of a separated achromatic pair �top� co
1

pacing of the peaks is the same as for the contact
air, the spacing is not constant but varies as E2.
he width of the peaks is typically a factor of �1.5
maller than for the reference contact pair, which has
he same Nr and the same absorption losses. In con-
equence the gain in integrated response is only a
actor of 1.65.

. Practicability

n the preceding sections various designs and possi-
le materials have been mentioned without consider-
tion of the practicability of fabricating the necessary
tructures. Although extensive experience exists in
he fabrication of x-ray lenses, so far such lenses have
een either diffractive or refractive and have been
uch smaller than those proposed here for astronom-

cal applications.
Issues of absorption are not usually critical for dif-

ractive lenses �either Fresnel lenses or the simpler
hase zone plates in which only two discrete thick-
esses are employed�. Figure 2 shows that above a
ew kilo electron volts many materials will have ab-
orption that is not too important for the maximum
hickness required �t2� or t2��2�. Silicon has often
een the material of choice because of the sophisti-
ated micromachining techniques that are available
or this material �see, e.g., Ref. 16�, but high-density
aterials are sometimes preferred because the re-

uced thickness that is necessary permits finer-scale
tructures and hence higher spatial resolution for
icroscopy applications �see, e.g., Ref. 1�. Phase

one plates with gold structures 1.6 �m thick, corre-
ponding to t2��2 at 9 keV, and with finest periods of
.2 �m or less, are advertised commercially.17

For refractive lenses, which now are widely used
ollowing the work of Snigirev et al.,18 absorption is
ore important and low atomic number materials

re preferred. Beryllium,19 and even lithium �Ref.
0� have been employed, though plastics also seem to
ffer a good compromise. Again, small-diameter
ens stacks are commercially available.21

Deviations from the nominal profile will degrade
fficiency. Nevertheless, efficiencies of 85% of the
heoretical value have been reported for a multilevel
ickel lens at 7 keV �Ref. 1�, and �75% of theoretical

ed with that of a contact pair. Parameters are given in Table 2.
mpar
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fficiency is apparently obtainable for phase zone
lates.17 For structures that have a larger mini-
um pitch, such as those discussed here, close toler-

nces and nearly ideal profiles should be easier to
chieve.
Where the refractive component has a thickness of
any times t2� �large Nr�, the uniformity of the ma-

erial should also be considered. SAXS �small-angle
-ray scattering� measurements suggest that certain
aterials that are structured but noncrystalline

hould be avoided and point to amorphous materials,
f which polycarbonate is a good example.22 For ma-
erials such as glass and plastics, experience in man-
facturing optical components for visible light
rovides evidence that inhomogeneities �or at least
hose on a scale larger than the wavelength of visible
ight� present no overriding problem and also dem-
nstrates the feasibility of attaining the precision
ecessary for high-energy lenses made from these
aterials. We note that t2� provides a measure of

he precision required in the different cases. For
ypical materials used for transmission optics t2� is of
he order of 1 �m for visible light. Figure 1 shows
hat for x rays and gamma rays it is almost always
uch larger, and fabrication tolerances and demands

n homogeneity are correspondingly more relaxed.
or example, at the highest energies considered here

�1 MeV�, achieving 
�40 accuracy demands no more
recision than a few tens of micrometers, compared
ith �0.02 �m in the visible.
Finally, in connection with the construction of

arge-scale lenses, one can note the development of
hin etched glass membrane diffractive lenses of
any square meters.23

. Conclusions

he various achromatic combinations discussed here
ave significant advantages over simple PFLs. Ab-
orption limits the sizes of the lenses that can be
orrected. It is least problematic for energies in the
pproximate range 10–100 keV and for long focal
engths. Stepping helps to reduce the focal length
or which a given diameter lens can be corrected but
orks best at a comb of energies within the bandpass.

f the angular resolution is not to be degraded it is
ecessary to employ a detector with energy resolution
ood enough that the flux at energies between the
eaks in the response can be ignored or treated sep-
rately.
The separated pair solution has considerably wider

esponse, with similar performance in other respects.
owever, for astronomical applications it has the ma-

or disadvantage of requiring the precise �relative�
ositioning of three satellites instead of just two.

The author is very grateful to P. Gorenstein and to
. Koechlin for helpful discussions.
The mention of particular suppliers in this paper is

or information only and does not constitute an en-
orsement of their products by the author or his in-
titution.
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