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Introduction 
Research in a variety of fields (x-ray: lithography, - microscopy, -lasers; thermonuclear fusion diagnostics;...) could significantly benefit from a capability for efficient beam manipulation (collimation, focusing, beam expansion and reduction) of x-rays in the way that optical light can be routinely manipulated. Achievement of such an x-ray beam manipulation capability awaits the development of low f/number x-ray lensiryj de-ices" which would be efficient and simple to implement in the laboratory. We have designed an efficient x-ray lens with an effective speed of order £ f/50 for X 4 1 0 M x-rays.. Fabrication of this lensing element appears feasible using existing microfabrication technology. 
Physical mechanisms which have been used for x-ray beam manipulation 1n the past are grazing incidence reflection (GIR) from accurately figured and polished surfaces and/or diffraction using perfect crystal or microscopically precise transmission gratings and zone plates. GIR devices are broadband, have large f/number, require precision alignment and for these reasons are generally inappropriate for multi-element beam manipulation systems. Diffraction devices are narrowband, but are inefficient either because of the distribution of incident energy into multiple diffraction orders (gratings and zone plates), or the narrow angular acceptance of Bragg crystals. These limitations again make such devices generally inappropriate for use in multi-element beam manipulation systems. Refractive x-ray focusing devices have generally not fccsT available because of the relatively large value of the absorption parameter, n. at x-ray wavelengths, (n = k/6 = .1 - 1 at x-ray wavelengths whereas n « 1 at optical wavelengths, k, & are defined in terms of the refractive index, n, of the lensing material: n = 1 - 6 + ik). 

The original conceptual and theoretical work was performed at Lincoln Laboratory supported by the National Science Foundation, the Department of the Army, and the Defense Advance Research Projects Agency. Calculations! and fabrication work is continuing in a joint effort at Lawrence Livermore Laboratory and Lincoln Laboratory under the auspices of the U.S. Energy Research and Development Administration under contract No. M-7405-Eng-48. c e, 
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED (LP 
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Design Concept 
We propose to couple diffraction and refraction in a single element to 

achieve efficient x-ray concentration into a single order focal spot. In 
this device, diffraction is used to produce efficient ray bending (without 
absorption} while refraction is used only to provide appropriate phase adjust
ment among the various diffraction orders to insure what is essentially a 
single order output. The mechanism for ray bending (diffraction) is decoupled 
- somewhat - from the absorption mechanism. Refraction is used only to achieve 
small shifts in phase so that the associated attenuation need not be prohibi
tive. 

The proposed x-ray lens might accurately be described as a Blazed Fresnel 
Phase Plate (BFPP).1 A BFPP is a Fresnel zone structure with a spatially dis
tributed phase shift within each Fresnel zone. The spatial distribution of the 
phase shifts is chosen to concentrate essentially all of the unabsorbed energy 
Into a single focal spot. Figures 1(a), (b), (c) present an illustration of 
the BFPP concept in three stages. Figure 1(a) shows a Fresnel Zone Plate. The 
FZP performs an amplitude modulation (periodic in r 2) of the incident plane 
wave, focusing roughly 10% of the incident energy into a first order focal spot. 
Figurel(b) shows a Fresnel Phase Plate, a somewhat more efficient focusing 
element. The FPP performs a phase and amplitude (because of finite x-ray 
absorption) modulation of the incident Diane wave. The modulation function has 
the form of a square wave periodic in r 2. In the limit of small absorption the 
FPP can focus roughly 40% of the incident energy into a first order focal spot. 
Fig. 1 (c) shows a Blazed Fresnel Phase Plate. The 8FPr transforms the incident 
plane wave into a converging spherica' wave having an amplitude modulation 
(because of finite x-ray absorption) which is periodic in r 2. As a result of the 
periodic amplitude modulation, the BFPP will diffract energy into foci other than 
the first order real, focus. However, in cases of small absorption such effects 
are negligible and practically all the unabsorbed energy is directed i.ito the 
first order real focus.3 

Lens Design and Imaging Characteristics 
Figures 2(a), (b) illustrate the quadratic blazing requirement for con

verging and diverging SFPP's respectively. As shown for a converging (BFPP) 
lens each adjacent Fresnel zone pair must satisfy the condition: 

X (r 2 - r 2 ) 
t(r) • s ( r ) H - (1) 

2 r ^ 

m - 8, 2, 4,... 
n m + z 

whereas for a diverging (BFPP) lens each adjacent Fresnel zone pair must 
satisfy 

I ( r 2 - r 2 ) ) 
t ( r ) • «(r) - x l J M (2) 

« 2 r , 2 > 

a • 0, 2, 4 , . . . 
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Mhere 
r Is the radial coordinate 
t Is the material thickness t h r 1s the outer radius of the m Fresnel zone 
r, 1s the radius of the central Fresnel zone 
8 1s defined by: n = 1 - t + ik 

So then, expropriate blazing can be achieved either by modulating material 
thickness at constant refractive index or by modulating the refractive index 
(presumably by doping) at constant material thickness. 

In the case of the converging BFPP with a quadratic thickness modula
tion (I.e. 6 = constant) the amplitude transmission function (T(r)) for the 
lensing element has the form: 

T(r) - K C1rc(^) exp (- ̂ ( - j ^ - J « p (- 1. £ r ) (3) 
n • 0, 2, 4,... 
r « . ^ r ^ r m + 2 K • constant independent of r 
n * k/fi, where refractive index, n = 1 -« + 1k 
r,. «= BFPP outermost radius 
T(r) may be viewed as the product of a converging spherical wave and a gener
alized pupil function, P(r), where 

r2 . p 2. 
P(r) " CIre (r/rN) exp K-r̂ )) 

From the generalized pupil function the Coherent Transfer Function, H(v), for 
the BFPP follows immediately1*: 

2 2 
H(v) - Circ (2-> exp (- * n ( ^ > - ) ) («> 

m ' 0, 2, 4,... 
B — - m + i 
uh e r e v * -S * —2r 

• i 
V|j «= cut-off frequency » JTATT 

A plot of the CTF 1s presented in Fig. 3. A "worst case" (n * .217) condition 
Is chosen for illustration, and the plot is carried out only to N * 20. We 
see from Eq. (4) that the high frequency cut-off for the CTF is simply 
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(Coherent) v M • ^ 

where Ar 1s the outermost Fresnel zone width. The Optical Transfer Function 
of the BFPP 1s simply the auto-correlation of the CTF, and as such will have 
a high frequency cut-off 

(Incoherent) V K " AT 
So then, for the ideally fabricated, diffraction limited BFPP a focal spot 
diameter * 2&r, and an image resolution capability ^ Ar 1s to be expected. 
BFPP Evaluation Calculations 

Preliminary calculations comparing the energy collection efficiency 
of the BFPP with that of the FPP are presented in Tables I and II. Table I 
presents values of the fractional energy directed into the first order real 
focus of the BFPP and the FPP, as the parameter n is varied. A monochromatic, 
parallel incident beam is assumed. It can be seen that at n>.3 the BFPP is 
less efficient that the FPP, which is fast approaching the efficiency of the 
FZP. Table II presents similar calculations for practical lens materials and 
x-ray wavelengths of interest. 

Parametric x-ray lens (BFPP) calculations are presented in Table III. The parameters tabulated are: 
I) Collection Fraction 

r MAT Stiff 

where 

X * source wavelength 
Ar « outermost Fresnel zone width =1/2 width outermost modulation region 

Physically F is the fraction of energy emitted by an isotropic, monochromatic 
point source which can be collimated into a parallel beam by the BFPP. The 
parameter F takes into account x-ray absorption by the lens material, diffrac
tion into "wasted" orders, and the limited numerical aperture of the lens. 
(For comparative purposes it should be noted that an f/10 lens at optical wave
lengths, i.e., negligible absorption, has F * 6.2 x 10"1*). 

II) Effective f/number 
f c " (TSFV 

f, 1s a convenient measure cf the speed of the x-ray lens, taking into account 
diffraction and absorption losses. Specifically, f* is the f/number of an 
equivalent optical lens having the same F value. 
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111) Focal Length 

1v) Maximum Lens Thickness 
t «*• max « 

v) Aspect Ratio 

R " 2 l X r 

R is the ratio of "height/width" of the outermost modulation region of the 
BFPP. Generally microstructures having large aspect ratios can 6e expected to present greater fabrication difficulties. 

Table III presents calcualted values for these parameters for a few selected materials at a few selected x-ray wavelengths. Some of the possibilities presented appear quite feasible (e.g. Aluminum @ 500 %) others will present greater fabrication problems (e.g. Gold @ 1.5 A ) . 
Additional calculation and experimental work In pursuit of an efficient -ray lens is continuing in a joint effort at the University of California, Lawrence Livermore Laboratory and the MIT, Lincoln Laboratory. Calculational Investigations are continuing in the areas of: 
a) Aberration evaluation and correction bj X-ray lens efficiency losses due to fabrication error c) Blazed linear gratings to yield efficient coherent x-ray beam splitters d) Higher order blazing to yield reduced f/number lenses 

Two specific approaches to x-ray lens fabrication are being pursued: 
a) Micro-machining using computer controlled, single point diamond turning techniques (for 2Ar *> 4000 A to 1 um) 
b) u\ V. holographic combined with x-ray lithographic techniques (2Ar <v 1000 A - 4000 A). 

References 
1. It is important to note that a BFPP is not a Fresnel lens in the conventional, sense. The conventional Fresnel lens is a prismatic focusing system. It Is^made up of a series of concentric, circularly symmetric prisms - generally of equal annular width. The conventional Fresnel lens brings rays to focus using refraction. Diffraction effects caused by the small size of the annular, prismatic grooves lead to image blurring. Whereas for the BFPP image resolution improves as the minimum zone width for the structure decreases. The BFPP concept is, however, essentially equivalent to that of the "Phase Fresnel Lens" (ref. 2). 
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2. K. Miyamoto, JOSA 5J_, " ( 1 9 6 1 ) -
3. This statement is even stronger than 1t might at first appear, since the 
BFPP is an efficient lensing elment only in cases of small absorption and 
would only be used in such cases. As pointed outkin Table I, the BFPP Is 
significantly more efficient than the FPP for n-f-- £ (*2). For such values 
of n the energy fraction diffracted into orders other than the first, real 
order is negligible. 

4. J. W. Goodman, Irtroductlon *o Fourier Optics (McGraw-Hill, New York, 
19S8) ch. 6. 

••Author began x-ray lens work at Lincoln Laboratory while an employee of 
Research Laboratory of Electronics, Massachusetts Institute of Technology. 
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WHAT IS A BLAZED FRESNEL PHASE PLATE? m 
Illustration in stages: U) Fresnel zone plate 

Output wave 
Amplitude modulated 

plane wave 

' Opaque 
zones 

Fractional energy distribution 

Device 
1st order 
real focus Absorbed Undiffracted 

All other 
foci 

FZP 0.1 0.5 0.25 0.15 

40-90-0877-1637 

Figure la 



WHAT IS A BLAZED FRESNEL PHASE PLATE? 

Illustration in stages: (2) Fresnel phase plate 

-^ B 

Output wave 
Phase and amplitude 

modulated plane wave 

Phase shifting 
zones (ir) 

Fractional energy distribution* 

Device 
1st order 
real focus Absorbed Undiffracted All other foci 

FPP (¥)' M M •*W 
T =. exp(—TH;) is the fractional amplitude transmission through a phase shifting zone 
of the FPP. 

40-90-0877-1638 
Figure lb 



WHAT IS A BLAZED FRESNEL PHASE PLATE? m 
Illustration in stages: (3) 

Blazed Fresnel phase plate 

- Quadratic modulation 
phase shifting zones 

Fractional energy distribution* 

Output wave 
Amplitude modulated 

converging spherical wave 

Device 
1st order 
real focus Absorbed Undiffracted All ether foci 

BFPP / i - r 2 V 
\ 2irri I 

(1 - T 4 ) 
4TTT) 1+T? 2 \ 

(l-LzIfY 
ITTT? / 

i - r 2 /i + r 2 1 + 21? . i - r 2 \ 
2*n \ 2 i + T ? 2 2irr? / 

* r?sk /S; r = exp(-7rrj) 
40-90-0877-1639 

Figure 1c 



BLAZED FRESNEL PHASE PLATE (DESCRIPTION) m 

A BFPP is a Fresnel zone structure with a spatially distributed phase shift 
within each Fresnel zone. The spatial distribution of the phase shifts is 
chosen to concentrate all unabsorbed energy into a single focai spot. 

Converging lens 

t (r) • § (r) = 
Mr*-r m

2 ) 
2 r^ 

m = 0 , 2 , 4 , . . . 
r < r < r _ . _ 

where 
t (r) = material thickness 
8 = real part of refractive index 

(n = 1 - 6 + ik) 
r % = radius of first Fresnel zone 
X = x-ray wavelength 

40-90-0877-1654 
Figure 2a 



BLAZED FRESNEL PHASE PLATE (DESCRIPTION) 

The diverging tens is just the geometrical complement of the converging lens. 

Diverging lens: 

t (r) • 5 (r) = X 1 -
2r,2 

m = 0, 2, 4, 
r < r < r 

m+2 

where 
t (r) = material thickness 

5 = real part of refractive index 
(n = 1 - 5 + ik) 

i'1 = radius of first Fresnel zone 
X = x-ray wavelength 

t(r) 

40-90-0877-1655 

Figure 2b 



X-RAY LENS COHERENT TRANSFER FUNCTION (ILLUSTRATION) 
Illustrative example marginal case: 17 = .217 

1.0 

L3 

'2 ' 4 
Spatial frequency 

40-90-0877-1662 

exp (— 2 7TT?) 

"18 y 2 0 

t 
1 Cut-off 

frequency 2 Ar 

figure 3 



NUMERICAL COMPARISON: FRESNEL PHASE PLATE VERSUS BLAZED 
FRESNEL PHASE PLATE fl 

Fractional energy distribution into first order focus for representative values of r\ 

Fractional energy distribution into 
T7 = k/5 

0.0 
.05 
.10 
.15 
.20 
.25 
.30 

Conclude: 
The BFPP will provide a significant efficiency improvement over the FPP only 
in those applications where r\ £ .2 

40 90-0877-1648 

BFPP first order FPP first order % Increase 
focus focus using BFPP 

1 .405 147% 
.74 .35 111% 
.55 .30 82% 
.42 .27 56% 
.32 .24 33% 
.25 .21 19% 
.20 .20 - 0 % 

Table 1 



NUMERICAL COMPARISON: FRESNEL PHASE PLATE VERSUS 
BLAZED FRESNEL PHASE PLATE 
Some representative lens materials and source wavelengths 

Source and lens parameters 

Material Wavelength 
k 

7? = — 
5 

Fractional energy distribution 
into 

BFPP FPP 
1st order focus 1st order focus 

% increase 
using BFPP 

Aluminum 10A 0.05 0.74 0.35 111% 

25A 0.21 0.31 0.23 35% 

44A 0.41 0.13 0.16 -19% 

Silicon 2A 0.04 0.78 0.36 117% 

24A 0.22 0.29 0.23 9% 

44A 0.49 0.10 0.15 -33% 

Polystyrene 67A 0.05 0.74 0.35 111% 

Gold 1.5A 0.11 0.52 0.30 73% 

40-90-0877-1647 

Table I I 



X-RAY LENS: PARAMETER EVALUATION (ILLUSTRATIVE) L: 

Wavelength 

Min 
modulation 

width 
Collection 

fraction 
Effective 
f/number Thickness 

Focal length 
f 

Material X 2 A r 9 f= 
C 

t 
max 

d = 2 mm d = 1 cm 

Aluminum 10A 1000A 1.8 X 1 0 - s 58 3.2 Aim 10 cm 50 cm 

25A 1000A 1.6 X 10-" 36 1.3 Mm 4 cm 20 cm 

500A 4000A 2.3 X 1 0 - 3 5 0.25 jum 0.8 cm 4 cm 

Polystyrene 67A 1000A 8.3 X 10-" 7.5 1.4 pim 1.5 cm 7.5 cm 

150A 2000A 5.0 X 10-" 11 0.55 jum 1.3 cm 6.7 cm 

Silicon 24A 1000A 4.2 X 10~ 5 38 1.3 fjm 4.2 cm 20.8 cm 

Gold 1.5A 1000A 2.9 X 1 0 - 7 462 3.3 Mm 67 cm 333 cm 

40-90-0877-1646 

Table III 


