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(57) ABSTRACT 

A method for producing microstructures for use for x-ray 
lenses using extrusion techniques and a variable focus x-ray 
lens assembly are provided. An elongated strip of multiple 
x-ray lenses and cavities of arbitrary cross-section are pro
duced by an extrusion step. A predefined lens profile of the 
multiple x-ray lenses has, for example, a parabolic profile 
for x-ray focusing. The elongated strip of multiple cylindri
cal compound x-ray lenses can be cut into multiple uniform 
small lengths, for example, 50 mm lengths, and positioned 
within a support member. Cutting the assembled support 
member and x-ray lenses at a selected angle provides a 
variable focus x-ray lens assembly. 

20 Claims, 4 Drawing Sheets 
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METHOD OF MAKING OF COMPOUND X
RAY LENSES AND VARIABLE FOCUS X-RAY 

LENS ASSEMBLY 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this invention 
pursuant to Contract No. W-31-109-ENG-38 between the 
United States Government and Argonne National Labora
tory. 

FIELD OF THE INVENTION 

The present invention relates to a new and improved 
method of making of compound x-ray lenses and a new and 
improved variable focus x-ray lens assembly. 

DESCRIPTION OF THE RELATED ART 

2 
the cylindrical compound x-ray lenses has, for example, a 
parabolic profile for x-ray focusing. 

In accordance with the invention, the elongated strip 
contains a series of aligned x-ray lenses formed of selected 

5 metals, plastics, ceramics and compounds and produced by 
an extrusion step. For focusing low to moderate energy 
x-rays, materials having low atomic numbers are used. The 
elongated strip of multiple cylindrical x-ray lenses can be 
cut into multiple, generally uniform small lengths, and 

10 positioned within a support member. Cutting the assembled 
support member and x-ray lenses at a selected angle pro
vides a variable focus x-ray lens assembly. 

BRIEF DESCRIPTION OF THE DRAWINGS 
15 

X-ray lenses are used to focus x-ray beams produced, for 
example, with synchrotron and lab-based x-ray sources. 

20 
X-ray beams can be focused by a variety of mechanisms 
including mirror, crystals, zone plates, and capillaries. 
However, since the real part of the index of refraction 
decrement of materials for x-rays is very, very small, and 
negative, (- - 10-s to - 10-6

) it is necessary, respectively, to 
25 

use several aligned lenses to affect significant x-ray 
focusing, and x-ray focusing generally requires concave 
rather than convex-shaped lenses. 

The present invention together with the above and other 
objects and advantages may best be understood from the 
following detailed description of the preferred embodiments 
of the invention illustrated in the drawings, wherein: 

FIG. 1 is an enlarged front view illustrating an extruded 
lens strip of multiple x-ray lenses in accordance with the 
preferred embodiment; 

FIG. 2 is an enlarged front view illustrating two exem
plary cavities defining lens of the extruded lens strip of FIG. 
1 in accordance with the preferred embodiment; 

FIG. 3 is a side view illustrating an exemplary initial 
assembly of a support member and one or multiple extruded 
lens strips of FIG. 1 in accordance with the preferred 
embodiment; A variety of methods for the fabrication of an x-ray 

focusing lens system composed of several double-sided 30 
concave lenses have been suggested. If one-dimensional 
focusing is sought, then a substrate with a number of aligned 
cylindrical holes drilled into it can be used. Presently, 
cylindrical holes of circular cross-section are used for one
dimensional x-ray focusing because they are easy to make. 35 
To reduce spherical aberrations in x-ray focusing, it is better 

FIG. 4 is a perspective view illustrating an exemplary 
variable focus x-ray lens assembly formed from the exem
plary initial assembly of FIG. 3 in accordance with the 
preferred embodiment; 

FIG. 5 is an enlarged front view illustrating an alternative 
extruded lens strip of multiple cylindrical x-ray lenses and 
including cooling channels in accordance with the preferred 
embodiment; and 

to use parabolic-shaped cylinders, rather than circular. Nor
mal drilling cannot produce non-circular-shaped cylinders. 
If two-dimensional focusing is desired, then spherical or 
paraboloidal cavities must be configured. 

A principal object of the present invention is to provide a 
new and improved method of making x-ray lenses and a new 
variable focus x-ray lens assembly. 

FIG. 6 is an enlarged front view illustrating another 

40 
alternative extruded lens strip of first and second sets of 
multiple x-ray lenses in accordance with the preferred 
embodiment. 

It is another object of the invention to provide such 
method of making x-ray lenses and variable focus x-ray lens 45 

assembly that requires no or minimal alignment of indi
vidual lenses, has substantially smooth walls, has minimal 
x-ray absorption, and that is easy and economical to manu

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Having reference now to the drawings, in FIG. 1 there is 
shown not to scale an enlarged front view of an extruded lens 
strip generally designated by the reference numeral 100 and 
arranged in accordance with the preferred embodiment. The facture. 

50 extruded lens strip 100 is an elongated strip including a 
plurality of cylindrical x-ray lenses 102 defined by a plu
rality of cavities 104. Each of the multiple cylindrical x-ray 
lenses 102 has a predefined lens profile for x-ray focusing. 

It is another object of the invention to provide such 
method of making x-ray lenses and variable focus x-ray lens 
assembly that facilitates forming the x-ray lenses of different 
materials, the x-ray lenses having arbitrary lens profiles, and 
the use of an arbitrary number of x-ray lenses for variable 
focusing. 55 

In accordance with features of the invention, the extruded 
lens strip 100 can be formed with the cylindrical compound 
x-ray lenses 102 having an arbitrary cavity profile. A circular 
lens produces spherical aberration that can be improved by 
using a parabolic profile, and for this reason a parabolic ( or 
other optimally profiled) lens advantageously forms the 

It is another object of the invention to provide method of 
making x-ray lenses and variable focus x-ray lens assembly 
substantially without negative effect and that overcome 
many of the disadvantages of prior arrangements. 

SUMMARY OF THE INVENTION 

In brief, a method for producing microstructures for use 
for x-ray lenses using extrusion techniques and a variable 
focus x-ray lens assembly are provided. An elongated strip 
containing a series of aligned cylindrical compound x-ray 
lenses is formed by extrusion. A predefined lens profile of 

60 cylindrical x-ray lenses 102. The predefined lens profile of 
the multiple cavities 104 advantageously has, for example, 
a parabolic or other optimally designed lens profiles. 

The extrusion process of the preferred embodiment pro
vides a very economical method of producing x-ray lenses 

65 102. It is also a very effective technique for large-scale 
production of these lenses 102. Massive number of lenses 
102 can be produced in a single fabrication run. Large-scale 
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use of the extruded lenses 102 is enabled, not only on 
synchrotron beamline applications but also on many thou
sands of lab-based x-ray sources. 

An extrusion technique that can be used for forming the 
extruded lens strip 100 of a plurality of cylindrical x-ray 
lenses 102 is known as hot micro extrusion. In hot extrusion 
of hollow or tubular profiles, a die (not shown) is used that 
has openings corresponding to the negative of the part to be 
made. Allowance for thermal shrinkage and other effects are 
made in the die design. By pushing heated soft material, 
such as aluminum, into the die, soft aluminum flows around 
the bridge supporting the mandrel and into the openings in 
the die. The open sections metallurgically join prior to 
exiting the die assembly to make the desired part. After 
cooling, the long, extruded section or lens strip 100 can be 
cut into desired lengths. It should be understood that injec
tion molding could be used. 

Referring also to FIG. 2, there is shown not to by two 
exemplary cavities 104 defining the double concave cylin
drical x-ray compound lens 102 of the extruded lens strip 
100. The cavity 104 has an overall width indicated by a line 

4 
is preferred that the extruded lens strip 100 be about twice 
or more thicker than the cavity size to give the part mechani
cal integrity and maintain lateral alignment. 

The wall thickness between adjacent cylindrical cavities 
5 104 is made as thin as possible, for example, in an ideal 

range between 10-200 µm depending on the material. By 
stretching the extruded lens strip 100, for example, by 
10---50%, the wall thickness between adjacent cylindrical 
x-ray lenses 102 can be reduced. The predefined lens profile 

10 of the multiple cylindrical compound x-ray lenses 102 in the 
extruded lens strip 100 should be optimized such that the 
final lens strip 100 after stretching has the desired lens 
profile with a thinner wall thickness. 

For focusing low to moderate energy x-rays, extruded lens 
15 strip 100 is formed of a selected material and compounds 

having a low atomic number elements. The selected material 
includes, for example, Li, Al, other metals, plastics, ceram
ics and compounds. This is because of heavy absorption of 
such x-rays in heavier metals. For higher x-ray energies 

20 (30-500 ke V or more) heavier elements and compounds can 
be used for forming extruded lens strip 100. 

Brazeway Inc., of Adrian, Mich., has formed the extruded 
lens strip 100 of the preferred embodiment using an extru
sion die. Aluminum was selected as the material of choice 

25 for its softness and ability to be easily extruded. It is 
desirable that the material should not have high concentra
tions of heavier elements. The roughness of the lens 102 of 
aluminum extruded strip 100 is acceptable for x-ray focus-
ing. 

A and an overall height indicated by a line B. Only opposing 
vertical cavity portions labeled PROFILE OF CURVE 
defining the double concave cylindrical x-ray lens 102 and 
within a line labeled C interact with x-ray beam and are 
important for x-ray focusing. The shape of the opposing 
vertical cavity lens profiles of the cylindrical x-ray lens 102 
defined by cavities 104 is parabolic, although more rigorous 
calculations may indicate other profiles that can be produced 
in accordance with the method of the present invention. The 30 

opposing vertical cavity lens profiles of the x-ray lens 102 of 
the preferred embodiment also can be circular. By using 
extrusion for forming the lens strip 100, various arbitrary 
shaped lens profiles of the cylindrical x-ray lens 102 can 
easily be provided with an appropriately shaped die. 35 

It should be understood that additional processing steps 
could be performed to enhance characteristics of the cylin
drical x-ray lenses 102, such as, etching inside the lenses 102 
can be performed to improve surface smoothness and other 
attributes, for example, profile. 

Referring now to FIGS. 3 and 4, one or more of the 
extruded lens strips 100 are used for forming a variable 
focus x-ray lens assembly 400 of the preferred embodiment 
shown in FIG. 4. 

As shown in FIG. 2, the upper and lower surfaces of the 
cavities 104 defining the cylindrical x-ray lens 102 are 
substantially flat. The upper and lower portions of the 
cavities 104 and the cylindrical compound x-ray lens 102 are 

40 
not important for focusing and could have any configura
tions. The opposing vertical cavity focusing portions have 
generally smooth walls. A distance between adjacent cylin
drical x-ray cavities 104 indicated by a line Din FIGS. 1 and 

FIG. 3 illustrates an exemplary initial assembly 300 of a 
support member 302 and one or more extruded lens strips 
100 in accordance with the preferred embodiment. The 
elongated strip 100 of multiple cylindrical x-ray lenses 102 
can be cut into multiple, generally uniform small lengths, for 
example, 50 mm lengths. Selected lens strips 100 of cylin-

2 and known as wall thickness is made small to minimize 
45 

on-axis x-ray absorption. 
drical x-ray lenses 102 are cut as indicated at lines labeled 
CUT in FIG. 1, for example, by electric discharge machining 

The focal distance F of an array of a compound x-ray lens 
is given by: 

where R is the radius of curvature of the cavity in the region 
where the beam strikes it, N is the number of the cavities, 
and Ii is the real part of the index of refraction increment n 
given by n=l-ll+i~. Preferably, a parabolic (or other opti
mally designed) cross-section is needed to focus a beam 
from a source. Thus an extrusion die with a parabolic ( or 
other) cross-section advantageously is used to form each 
cylindrical x-ray lens 102 within the extruded lens strip 100. 

From the simple equation given above for the focal 
distance, it is clear that the smaller the radius of curvature, 
(at x=0, y=0 in FIG. 2), the fewer the cavities needed to 
achieve a given focusing power. However, a larger lens 102 
is easier to fabricate. A compromise radius, for example, on 
the order of 0.5 to 1 mm (diameters of 1-2 mm in an 
equivalent circular cross-section) may be preferred. An 
x-ray beam striking the parabolic profile portion typically is 
approximately 0.5 mm high and a round 1-10 mm deep. It 

(EDM) to achieve generally packed spacing between the 
cylindrical x-ray lenses 102 within the initial assembly 300. 
The support member 302 has an overall generally rectan-

50 gular shape and defines a long rectangular shaped slot 304 
for receiving a series of generally aligned lens strips 100. 
Multiple lens strips 100 of cylindrical x-ray lenses 102 
having generally uniform lengths as indicated by arrow 
labeled L are positioned within the slot 304 in the support 

55 member 302, sandwiched between spacer materials or mem
bers 306, to achieve and maintain alignment between the 
cylindrical x-ray lenses 102 within the initial assembly 300. 
Spacer members 306 are substantially flat and can be of 
hardened steel, aluminum, or others. Set screws (not shown) 

60 can be used for mounting the spacer members 306 contain
ing the lens strips 100 of cylindrical x-ray lenses 102 within 
the long rectangular shaped slot 304. 

Each of the multiple lens strips 100 can contain, for 
example, between 5 and 30 cylindrical x-ray lenses 102. 

65 While one row of cylindrical x-ray lenses 102 is shown in 
the exemplary lens strip 100 in FIG. 1, it should be under
stood that multiple rows of cylindrical compound x-ray 
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substrate for high heat load x-ray applications. In particular, 
cooling channels 500 can be formed in the extruded lens 
strips lO0A, such as, at selected positions in the strip 100, for 
example, above, below or at extreme left or right of the 

lenses 102 could be formed in accordance with the present 
invention. The initial assembly 300 of the support member 
302 and the multiple aligned extruded lens strips 100 can 
contain, for example, between 20 and 300 cylindrical com
pound x-ray lenses 102. 

FIG. 4 illustrates the exemplary variable focus x-ray lens 
assembly 400 formed from the exemplary initial assembly 
300 of FIG. 3 in accordance with the preferred embodiment. 
The initial assembly 300 is diagonally cut, for example, by 
electric discharge machining (EDM) to form the variable 
focus x-ray lens assembly 400 having a selected angle 8. The 
length of the series of cylindrical x-ray lenses 102 linearly 
decreases from the initial length L at a first x-ray beam 
receiving side of the variable focus x-ray lens assembly 400 

5 multiple cylindrical x-ray lenses 102 in one step during 
extrusion. When cooling channels 500 are added, the overall 
vertical dimension of the lens strip 100B should be, for 
example, about double that of lens strip 100 in FIG. 1. 
Generally, there will be more than four cooling channels 

10 
500, tailored to the needs of a particular application. 

FIG. 6 is an enlarged front view illustrating another 
alternative extruded lens strip generally designated by ref
erence character 100B further including first and second sets 
600, 602 of multiple cylindrical x-ray lenses 102 in accor-

to a smaller length indicated by Ll at the opposing side of 15 

the variable focus x-ray lens assembly 400. The smaller 
length Ll is determined by the selected angle 8 of the 
resulting overall geometry of the variable focus x-ray lens 
assembly 400. 

It should be understood that the present invention is not 20 

limited to the illustrated exemplary variable focus x-ray lens 
assembly 400 of FIG. 4. For example, the length of the series 
of cylindrical x-ray lenses 102 could be arranged to decrease 
in steps along straight or curved lines from the initial length 
L to a final smaller length Ll, rather than using a single 25 

selected angle 8 as shown in FIG. 4. 
In operation, the variable focus x-ray lens assembly 400 

is moved horizontally across the x-ray beam for selectively 
focusing the incident x-ray beam vertically at different 
locations. The horizontal positions of the variable focus 30 

x-ray lens assembly 400 with respect to the incident x-ray 
beam determines the variable number of the series of 
cylindrical x-ray lenses 102 that interact with the x-ray beam 

dance with the preferred embodiment. 
While the present invention has been described with 

reference to the details of the embodiments of the invention 
shown in the drawing, these details are not intended to limit 
the scope of the invention as claimed in the appended 
claims. 

What is claimed is: 
1. A method of making compound x-ray lenses compris

ing the steps of: 
forming by extrusion an elongated strip of multiple cylin

drical x-ray lenses, 
said elongated strip containing a series of aligned cavities 

defining said cylindrical x-ray lenses, and 
adjacent cavities forming each said cylindrical x-ray lens 

having opposing, predefined vertical cavity profiles for 
x-ray focusing. 

2. A method of making compound x-ray lenses as recited 
in claim 1 wherein said opposing, predefined vertical cavity 
profiles for x-ray focusing includes one of a parabolic profile 
or a circular profile. 

3. A method of making compound x-ray lenses as recited for selectively focusing the incident x-ray beam vertically at 
different locations. For example, as shown in FIG. 4, the 
variable focus x-ray lens assembly 400 could be moved 
horizontally in the left direction relative to the illustrated 
x-ray beam to increase the number of the series of cylindri-
cal x-ray lenses 102 that interact with the x-ray beam. 
Alternatively, to decrease the number of the series of cylin
drical x-ray lenses 102 that interact with the x-ray beam, the 
variable focus x-ray lens assembly 400 is moved horizon
tally in the right direction relative to the illustrated x-ray 
beam as shown in FIG. 4. 

35 in claim 1 wherein the step of forming by extrusion an 
elongated strip of multiple cylindrical x-ray lenses includes 
the step of forming by extrusion said elongated strip of 
multiple cylindrical x-ray lenses of a selected material; said 
selected material including materials having a low atomic 

40 number for low energy x-rays and other materials for higher 
energy x-rays. 

4. A method of making compound x-ray lenses as recited 
in claim 3 wherein said selected material is selected from the 

Key advantages in extruding x-ray lenses of the preferred 
embodiment are low cost and the ability to produce multiple 
x-ray cylindrical lenses 102 with parabolic or other cross
sections. Production of multiple x-ray cylinders 102 with 
parabolic or other cross-sections with most other methods is 
complex and generally expensive. It should be understood 
that two orthogonal sets of lenses 102 could be used for 
additional focusing by providing two orthogonal variable 
focus x-ray lens assemblies 400. 

group including lithium, aluminum, plastic, ceramic, and 
45 compounds. 

5. A method of making compound x-ray lenses as recited 
in claim 1 wherein the step of forming by extrusion an 
elongated strip of multiple cylindrical x-ray lenses includes 
the step of forming by extrusion said elongated strip of 

50 multiple cylindrical x-ray lenses having predefined wall 
thickness between adjacent cylindrical x-ray lenses. 

It should be understood that elongated, arbitrary-shaped 
cylindrical lenses 102 of the preferred embodiment can 55 

include multiple different shaped cylindrical lenses 102, 
each having selected different lens profiles. It should be 
understood that elongated, arbitrary-shaped cylindrical 
lenses 102 of the preferred embodiment could be thermally, 
hydraulically, and structurally optimized to be used for 60 

various diverse applications, for example, as heat pipes In 
the form of long strips 100 or formed coils. 

FIG. 5 is an enlarged front view illustrating an alternative 
extruded lens strip generally designated by reference char
acter lO0A further including cooling channels 500 in accor- 65 

dance with the preferred embodiment. The channels 500 can 
be implemented for example, for cooling, in the same 

6. A method of making compound x-ray lenses as recited 
in claim 5 wherein said predefined wall thickness is pro
vided in a range between 10 µm and 200 µm. 

7. A method of making compound x-ray lenses as recited 
in claim 1 wherein said multiple cylindrical x-ray lenses 
include a number of cylindrical x-ray lenses in a range 
between 5 and 30. 

8. A method of making compound x-ray lenses as recited 
in claim 1 further includes the steps of providing multiple 
strips of multiple cylindrical x-ray lenses having a substan
tially uniform length, and positioning said substantially 
uniform length strips of multiple cylindrical x-ray lenses in 
substantial alignment within a support member to provide an 
initial assembly. 

9. A method of making compound x-ray lenses as recited 
in claim 8 further includes the steps of cutting said initial 
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assembly by electric discharge machining (EDM) to form a 
variable focus x-ray lens assembly having at least one 
selected angle of decreasing lengths of a series of cylindrical 
x-ray lenses. 

10. A method of making compound x-ray lenses as recited 5 

in claim 9 further includes the steps of selectively providing 
a horizontal position of said variable focus x-ray lens 
assembly for selectively and continuously focusing an inci
dent x-ray beam vertically at different locations. 

8 
14. A variable focus x-ray lens assembly as recited in 

claim 13 wherein said predefined vertical cavity profiles for 
x-ray focusing include one of a parabolic profile or a circular 
profile. 

15. A variable focus x-ray lens assembly as recited in 
claim 13 wherein said at least one extruded strip member 
including multiple cylindrical x-ray lenses is formed of a 
selected material, said selected material including materials 
having a low atomic number for low energy x-rays and other 
materials for higher energy x-rays. 

16. A variable focus x-ray lens assembly as recited in 
claim 15 wherein said selected material is selected from the 

11. A method of making compound x-ray lenses as recited 10 

in claim 1 wherein the step of forming by extrusion an 
elongated strip of multiple cylindrical x-ray lenses includes 
the step of forming at least one channel spaced apart from 
said multiple cylindrical x-ray lenses in said elongated strip; 
said at least one channel including a cooling channel. 

group including lithium, beryllium, boron, carbon, 

15 aluminum, silicon, plastic, and compounds. 

12. A method of making compound x-ray lenses as recited 
in claim 1 includes the steps of processing said elongated 
strip of multiple cylindrical x-ray lenses; said processing 
including one or more selected steps of stretching said 
elongated strip of multiple cylindrical x-ray lenses; and 20 

etching said multiple cylindrical x-ray lenses. 
13. A variable focus x-ray lens assembly comprising: 

a series of cylindrical x-ray lenses formed by at least one 
extruded strip member including multiple cylindrical 
x-ray lenses; each said cylindrical x-ray lens have 25 

predefined vertical cavity profiles for x-ray focusing; 

17. A variable focus x-ray lens assembly as recited in 
claim 13 wherein said series of said cylindrical x-ray lenses 
includes a number of said cylindrical x-ray lenses in a range 
between 20 and 300. 

18. A variable focus x-ray lens assembly as recited in 
claim 13 wherein said extruded strip member includes a 
number of cylindrical x-ray lenses in a range between 5 and 
30. 

19. A variable focus x-ray lens assembly as recited in 
claim 13 wherein said extruded strip member includes at 
least one channel spaced apart from said multiple cylindrical 
x-ray lenses in said extruded strip. a support member defining a slot receiving said series of 

cylindrical x-ray lenses; and 

said support member and said series of cylindrical x-ray 
lenses forming at least one selected angle for providing 
decreasing lengths of said series of cylindrical x-ray 
lenses from an x-ray receiving side to an opposing side 
of the variable focus x-ray lens assembly. 

20. A variable focus x-ray lens assembly as recited in 
claim 13 wherein said extruded strip member includes a 

30 
second series of said cylindrical x-ray lenses formed by said 
at least one extruded strip member. 

* * * * * 


