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ABSTRACT 

Although x-ray micro-foci can be produced by a variety of diffractive methods, grazing incidence mirrors are the only route to 
r 

an achroma'iic focus. In this paper we describe our efforts to produce elliptically shaped mirrors with the very high figure 

accuracy necessary for producing a micro-focus. The motivation for this work is provided by the need to produce achromatic 

foci for a range of applications ranging from tunable micro-focus x-ray photoelectron spectroscopy (Jl-XPS) at soft x-ray 

energies to micro-focus white beam x-ray diffraction (Jl-XRD) at hard x-ray energies. We describe the methodology of beam 

bending, a practical example of a system we have produced for 11-XRD, and results demonstrating the production of a surface 

with micro-radian figure accuracy. 

Keywords: Synchrotron radiation, mirrors, adaptive, x-ray, microprobe 

I. INTRODUCTION 

Substantial progress has been made in recent years in the fabrication of low slope error x-ray mirror surfaces by controlled 

grinding and polishing. One of the motivations for this improvement has been the advent of 3rd generation synchrotron 

radiation sources which have given many orders of magnitude increase in brightness over older machines, and have enabled 

many new types of microscopy and microanalysis to be performed. 

We report here on progress in developing bendable mirror technology, and its application to probe-forming optics for x

ray imaging systems at the Advanced Light Source. We have adopted this approach over conventional rigid-mirror technology 

partly as a cost saving measure and partly to simplify the production of aspheric surfaces. The cost advantage follows from 

the use of flat polishing while the desire for aspheric surfaces comes from the need to operate grazing-incidence mirrors with 

a combination of high demagnification and large aperture in order to form high intensity focal spots in the micron range. 

The approach that we describe here is to bend a constant-thickness metal or ceramic mirror by the application of unequal 

end couples. If the mirror has a constant width as well a constant thickness, then the result is a cubic curve which can be 

made to approximate an ellipse up to third order which enables correction of defocus and coma1 while leaving higher-order 

aberrations uncorrected. Higher order corrections to the bent shape are made, if 'required, by applying a programmable 



variation to the mirror width. Techniques of this general type have often been used before for both normal2 and grazing

incidence3·5 systems and have been quite widely used for focusing synchrotron radiation6·7·8 including the use of bent metal 

mirrors with water cooling9 and directly-deformable piezo-ceramic mirrors10
• The programmable-width concept was first 

introduced by Underwood and collaborators 1 while the Advanced Light Source (ALS) group have developed a variable

thickness scheme in which the mirror and bending mechanism are built into a single monolith1
1.

12
. The situation as of 1993 

was reviewed by Howells and Lunt12
. 

Some of the above-mentioned mirrors have achieved their specified performance levels while others have failed due to the 

application of unintended additional forces by the mechanism used to apply the couples. The difficulty of applying the 

couples with sufficient accuracy is increasing at the present time due to the smaller focal spots that are being sought. In this 

paper we describe some new ways to apply the couples via weak leaf springs. This approach makes it much simpler to 

control the amount of bending with high accuracy and also lends itself to schemes that do not apply tensile forces to the 

mirror. We will concentrate specifically on elliptical mirrors used for forming fine x-ray microprobes which implies 

relatively small mirrors but the methods of construction we will discuss are applicable to a wider class of optics. Test results 

using a long trace profiler indicate that micro-radian tolerances are being achieved with these techniques. 

2. GEOMETRY OF AN ELLIPSE 

Wh~n we build an aberration-corrected mirror we are trying to approximate the elliptical cylinder X2 I a 2 + Y2 I b2 = 1 

whose section is shown in Fig. 1. Such an ellipse can be represented by a power series in the x, y coordinates of Fig. 1 as 

follows; 

y 

X 

X 

Fig. 1. Ellipse layout and notation. 

(1) 

of which the curvature is, 

(2) 

2 



The a(s for the ellipse are given by, 
cos 8( r + r') I 

a"= =--
- 4rr' 2f?o 

a, =-a? sin e (.!.- ..!..) 
- - 2 r r' 

(3) 

a4 = a2( 5sin2 8 (.!. -~)2 + _I_,J 
16 r r 4rr 

where R0 is the center radius of the mirror. Each term a;xi of the series in eq. (I) corresponds to an aberration which will be 

corrected if the term is faithfully built into the mirror shape. The i=2 term corresponds to defocus, the i=3 one to coma13 

(linear variation of curvature with position in the aperture (see eq. (2)) the i=4 one to spherical aberration (quadratic variation 

of curvature with position in the aperture) and so on. 

The major and minor semi axes, a and b and eccentricity e of the ellipse and the coordinates ( X0 , Y0 ) of the pole of the 

mirror are related to the optical parameters r, r' and 8 by the following relations, 

2a = r + r' y - rr' sin 2 e 
0 - 2ae 

(2ae)2 = r 2 + r' 2 -2rr'cos28 [Y[ 
X0 =±af-b2 

~here the square root is +, zero or- according as r >, = or< r'. 

3. FORMATION OF AN ELLIPTICAL SURFACE BY BEAM BENDING 

First consider a beam that is being bent by the action of two end couplesC1 and C2 defined to be positive in the sense 

drawn in Fig. 2. One can show that the bending moment will vary linearly from C 1 at x=-L/2 to C2 at x=+L/2. The 

differential equation for the shape of the bent beam is the Bernouilli-Euler equation 14 which now takes the following form, 

EI dzy = cl +C2 ci-Cz x 
0 dx2 2 L 

(4) 

where E is Young's modulus and / 0 is the moment of inertia of the beam cross section, considered for the moment to be 

constant. The applied stress at each beam end is assumed to have a linear variation in y with a zero at the neutral axis and a 

·resultant moment C1 or C2. 

y 

X 

L 

Fig 2. Nomenclature for discussing beam bending using two couples 
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In order to make the cubic approximation to the ellipse (i=2 and 3 terms of eq. (l)),we equate coefficients of the constant 

and linear terms of eqs. (2) and (4) to obtain the required values of C1 and C2. 

2£10 C1 + C2 = 4EI0a2 = -- (5) 
Ro 

(6) 

Such an approximation is often useful and can always be made to satisfy a given aberration tolerance if the mirror aperture is 

sufficiently reduced. This analysis shows that bending moment values C1 and C2 at -L/2 and +L/2 can be chosen to deliver 

this mirror shape within the accuracy of the analysis based on eq. ( 4). However, the actual couples applied to the mirror need 

not be positioned at -L/2 and +L/2 and in fact they are best placed somewhat further from the mirror center so as to allow the 

effect of end errors (imperfect realization of the assumed end-stress distribution) to decay. 

, Now suppose that we wish to construct a nominally exact elliptical shape using the same applied couples C1 and C2 

that we calculated for the cubic approximation. We can do this by modifying the width of the mirror so that /0 in eq. (4) 

becomes l(x ) and is programmed to give the right radius of curvature as specified by eq. (2). Inserting eqs. (5), (6) and (2) 

into (4) and remembering that I= bh3 /12 where band hare the width and thickness of the mirror respectively, we finally 

obtain an expression for the width needed to produce the elliptical shape, 

bo( ~ +6a3x) 
b(x) = 2 2a2 +6a3x+ 12a4x + ... 

(7) 

This approach to producing an elliptical shape differs only slightly from the original one of Underwood 1 in ;hich equal 

couples were used. The advantage of using unequal couples is that the amount of width variation is generally much less so 

that the mirror remains approximately rectangular which is convenient for engineering. For cases where the convergence 

angle from the mirror is a significant fraction of the angle of grazing incidence, terms higher than 4th order have to be 

included in the surface figure, and to include enough terms in (7) can become difficult. In order to calculate b(x) for a perfect 

ellipse, the equation of the mirror can be transformed back to the canonical system and the exact curvature can be inserted 

into eq. (4). 

4. USE OF WEAK LEAF SPRINGS FOR BENDING MIRRORS: GENERAL PRINCIPLES 

We consider here two types of bending machines: those which put the mirror in tension and 'those which do not. This can be 

an important issue because, when tensile forces are present, they tend to straighten the mirror and the error produced may not 

be negligible. To estimate the size of the error consider a circularly bent mirror with equal couples applied by forces F and 

bending levers of length l at the ends of the mirror (Fig. 3). This leads to C1=C2=Fl and the mirror is subjected to a tensile 

force F. Allowing for the latter, eq. (4) becomes, 15, 16 

where q- {I -fllio (8) 
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leading to a slope distribution, 

lever 

~ 

dy _ x [sinhqx] 
dx - Ro --;;;- . 

F 

mirror 

/ 

F -- _1_ 

Fig. 3 Mirror in tension due to generation of couples by application of force on a lever 

(9) 

The first term .x!R0 is the slope distribution of the correct circular curve while the term in the square brackets is an error term 

caused by the tensile force F. When F ends toward zero, the error term tends toward unity. The error is most damaging for 

long mirrors with steep curvature and short bending levers. For example with L=I m, 1=0.05 m, R0=100 m, the maximum 

slope error would be 16 arcseconds. For many practical cases the error may also be negligible (<0.1 arcsecond say). 

Example implementations of the two classes of leaf-spring bending mechanisms (with and without the tensile force) are 

shown in simplified form in Fig. 4. For the majority of cases, the scheme with the tensile force (Fig. 4a) is acceptable and 

allows somewhat more convenient designs. 
mirror 

L 

.... --
' ' ' ' ' ' ' ' ' ' ' 

G 

" j---._ l "L " " " " " attachment " " " " " " block " " " " " " " " " " .. 
" .. 
" .. 
" --- .. 
" leaf spring l .. ,,. .. , .. . . .. . . .. .. 

J. 
. .. . .. ' .. 

'• slideway .. 
'• / '• n I '• .. 
'• ................. 

' I ~ F I ' 
I 

(a) 

5 

I 
; 



mirror 

"' leaf springs / (b) 

Fig. 4. (a) shows an 's' spring bender in which equal couples are applied by moving the slideway to the left (F), and 

positive and negative couples are added to the right and left ends respectively by the action of pushing the whole mirror to the 

left (G). (b) avoids the beam tension implicit in (a) by applying the couples with crossed leaf springs. 

To understand the statics of the arrangement suppose the loading is applied in two steps: 

~: the force F is applied by moving the slide to the left. This applies couples of opposite sense at the mirror ends 

while the axial forces in the springs remain equal to zero. The magnitude (C) of the couples is Fl I 2 if the springs are built 

in at the base as shown. (It would be Fl if they were hinged.) 

Step 2: the force G is applied at the right end of the mirror. This applies couples of the same sense at the mirror ends while 

the axial forces in the springs become equal in magnitude and opposite in sign, the one in the right spring being tensile. The 

magnitude (L1C) of the applied couples is Gl I 4 and that of the axial forces is GL I 21. 

The net effect of these two steps is that couples of magnitude C+L1C and C-L1C are applied at the right and left ends of the 

mirror respectively. The value of C, the mean of the two couples, determines the center radius of the mirror (eq. (5). The 

value of L1C determines the amount of coma correction (eq. (6). Thus the focal length of the mirror and the amount of 

aberrati,on correction are independently adjustable using F and G. 

The advantages of this type of design may be listed as follows: 

There is independent control ,of focal length and aberration correction. 

The springs are made weak so that small deformations of the mirror can be produced by large, and therefore easily 

controllable, movements of the drivers. 

The use of a prescribed driving force, rather than a prescribed displacement, allows manufacturing errors or changes in 

the mirror size (due to thermal expansion for example) to be tolerated as long as they are small compared to the driver 

motion needed to bend the mirror. 

The forces are applied relative to a rigid base. 

In situations where adhesives can be used the method works for ceramics such as glass and silicon which are required for 

multilayer substrates. 

The crossed-spring bending system shown in Fig. 4b is a variant which does not put the mirror in tension. The springs 

can easily be designed to cross over without losing symmetry. The scheme has the virtue of simplicity although it lacks the 
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separation of focusing and aberration correction and does not, in the form shown, have a rigid base, although that can be 

contrived. Otherwise it shares most of the features of the parallel-spring system. 

Both of these systems are being used for mirrors at the ALS . The 's' spring type is being used for )l-XRD and )l

XPS systems, and the crossed-spring type is being used for a 1m long 10:1 demagnifying mirror for soft x-ray photoelectron 

emission microscopy (PEEM). In the following sections we discuss the case of )l-XRD in detail. 

5. A MIRROR BENDER FOR )l-XRD 

For x-ray diffraction, we wish to produce an x-ray focus for energies up to 12 KeV, and this dictates the use of a small 

grazing incidence angle. Assuming a gold coating, adequate reflectivity is achieved for a grazing angle of l/3°. The 

synchrotron source is 31 m from the x-ray hutch used for the micro-diffraction experiments (beamline 1 0.3.2), and our 

vertical source size of around 30 )lm full width at half maximum (FWHM) requires us to use a demagnification of 60: 1 to 

reach our aim of a sub-micron focused beam size. The maximum convergence of the light onto the sample is simply limited 

by the critical angle of reflection for the highest energies that are required. If a higher convergence angle is used it simply 

means that, at one end of the mirror, light will be traveling almost parallel to the surface and at the other it will be exceeding 

the critical angle and will not be reflected. A general rule is that the maximum convergence is half the critical angle. The 

convergence is related to the acceptance aperture by the demagnification, and so in this case we see that the allowed 

acceptance is around 50 )lrads. At l/3° grazing incidence angle this equates to a mirror length of 260 mm. In this case 

however, we limited the optical length to 150 mm. 
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Fig. 5. Coma and spherical aberration contributions 

to figure error for a circle. Object distance = 31m, image 

distance= 0.5 m, grazing angle l/3° 
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If we take the first derivative of eq. (1), we have the slope as a function of the tangential coordinate along the mirror, x. If 

we build a mirror system that satisfies only part of the surface expansion, the absent components represent aberrations. For 

example, if we design an equal couple bender for a mirror of constant width and thickness, only the 2a2x term is present, 

and the missing higher terms represent aberration. For our chosen parameters above, Fig. 5 shows the slope error 

contributions for coma (3a3x2) and spherical aberration (4a4x3) The marginal-ray coma is 50 IJ.rads, and is symmetric about 

x=O. This symmetry is due to the x2 variation of the ray aberration. For our image distance of 0.5 m, and remembering that 

the ray error is doubled on reflection, the extreme rays in a focus would be deviated by 50 IJ.m which is clearly well outside 

our design target of a I IJ.m focus, and must be eliminated. Marginal-ray spherical aberration is ± 6 IJ.rads, and therefore the 

extreme rays in the image plane would be deviated by ± 61J.m. Again this is unacceptable, but it should be noted that due to 

the x3 dependence of the aberration, restricting the aperture to around 113 of its full value about x=O would results in a focus 

size of less than I IJ.m. 

To correct these and higher order errors, unequal couples an~ variation of width are used, and in this case, the required 

width function is shown in Fig. 6. The sum and difference of couples are C1+C2 = 2.65 N.m and C1-C2 = 0.59 N.m, for a 

glass beam of central width 42.5 mm, thickness 9.525 mm, length I50 mm, and Youngs modulus of 7.32xi010N/m 2• 

Note that the required shaping is modest, varying from 40.6 mm through 42.5 mm to 40.8 mm. 
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Fig. 8. Solid line shows the figure error resulting from a 

constant width error of 0.2 mm. Dotted line shows the 

minimization of the error by adjustment of C1 and C2• 

The elliptical shape produced has a wide range of curvature, ranging from 0.0048 m-1 at one end to 0.0076 m-1 at the other, 

as shown in Fig. 7. In practice errors will occur in several of the mirror parameters, and it is important to understand their 
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effect, and the extent to which they can be corrected. It can be seem from (5) and (6) that C1 +C2 and C1 -C2 are directly 

proportional to Youngs modulus, E. A fixed change in E is therefore simply accounted for by a change in applied couples. 

It can also be seen from (7) that a fractional change in width only requires a constant offset of the applied couples to be fully 

corrected. However, a fixed error in width causes a real error, and an example for a 0.2 mm increase in the width is shown in 

Fig. 8. The solid line shows the error assuming the original couples are maintained, and the dotted line shows the residual 

error after adjusting the couples. In this case C1 +C2 and C1 -C2 were increased by about 4.8%. Before minimization the 

error is too large at 4 Jlrads, but after minimization becomes insignificant. The degree to which correction can be made 

depends on the extent of the edge shaping. In this case there is only a small fractional width change and couple adjustment is 

effective. Note that the assumed error is constant. In reality errors will be random or cyclic and in both cases their effect 

cannot be directly compensated. Errors with a periodicity less than the beam thickness are averaged out, while errors of a 

significant fraction of the beam length can have a large effect. From a measurement of the manufactured width profile, the 

error can be directly calculated from eq. (4), putting in the measured value of l(x) and comparing the curvature to that of a 

perfect ellipse. In our case, our measurements indicate a mean error of+ 15 Jlm, with a standard deviation of around 7 Jlm. 

This gives an error of less than 0.1 Jlrads. A more serious error can occur due to variations in thickness. The error can be 

serious because the dimension of the beam is small in that direction thus increasing fractional errors, and the local curvature 

scales as the cube of the thickness. In this case, the surface figure accuracy translates into a wedge tolerance along the beam 

of less than 3 Jlm, and is easily met. In practice the most common error is wedge, but random or cyclic errors can occur and 

are much more damaging. This is especially a problem in very thin mirrors. 

6. MEASUREMENTS ON THE 11-XRD VERTICAL FOCUS MIRROR 

A bending mechanism of the type shown in Fig. 4(a) was constructed for the 11-XRD project. We procured two glass flats 

fabricated in quartz glass 17 9.525 mm thick, 42.5 mm wide and 200 mm long. These had sub-Jlrad flatness as measured with 

a Long Trace Pro filer (L TP) 18 and around 2A rms roughness measured with a Micro map optical pro filer. Steel blocks I Omm 

in length were glued to the underside of the ends of the mirror using epoxy19. The springs of size 0.64 x 50 x 50 mm3 were 

deflected approximately 5 mm to produce a central radius of curvature (x=O) of 150m. Initially we used a full length beam 

(200 mm) bent with equal couples to test the perfection of bending to a circular shape. The result of this measurement is 

shown in Fig. 9. The slope of the surface was measured with the LTP, and the data were detrended for tilt, piston and 

curvature. Fig. 9 shows the residuals for 2 cases; the solid line for the nominally unbent state (920 m radius of curvature)

and the dotted line for bending to a radius of 15l m. The latter approximately corresponds to the central radius needed for Jl· 

XRD. It can be seen that these two slope error residuals are almost the same. The difference is shown by the dots, and is 

essentially zero within the noise of this LTP measurement (<lJlrad rms). The conclusion from this is that the mechanism is 

providing near perfect bending. 

It can also be seen that the slope error in both cases is only zero in a central region of± 20 mm. Outside this region 

the error increases positively and negatively to the right and left hand sides respectively. This represents an unacceptable 

error, but not one that is caused by bending. Note that the last few points at each end correspond to an overlap with the areas 
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in which the blocks are glued to the underneath of the beam, and of course, we do not expect these areas to berid into the 

desired shape. Even so, the error outside these regions reaches values of± 20 !J.rads. The cause of this error is glue 

shrinkage. Shrinkage causes compression in the underside of the beam, and an extended alteration in the stress distribution. 

The corresponding strain field cannot be purely local to the glued area, and propagates down the rest of the beam, causing a 

figure error. In curing, the glue first forms a strong bond, and then over around 12 hours shrinks to a fixed and stable 

material. We have measured this process in tests using thin silicon wafers, recording the curvature of the surface as a 

function of time. Most epoxy materials have similar shrinkage values of around 0.4%, but there is some variation in the 

effect of this shrinkage determined by whether the bond has reached strength before or after shrinkage occurs. However, even 

with the best materials (around a factor of 2 better than shown here), the shrinkage is a serious problem. 

In the present example, the mirror is thick enough (9.525mm) for us to glue the attachment blocks on the end of the 

beam. In this way, compression given by shrinkage of the glue gives a compressive stress in a direction perpendicular to 

the beam. This is normal to the stresses in the beam which cause bending and hence almost no glue shrinkage induced 

bending can occur. 
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Fig. 9. Solid line shows the slope error from a 920 m 
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In our second test of the bender system, we shaped the width of the glass beam to the values given in Fig. 6, in addition 

to gluing the blocks on the ends of the beam. This was performed by CNC machining two steel plates doweled together to 

the desired shape, and mounting the glass between them on a temporary wax fixture. The plates were used as a template and 

by careful hand grinding, the glass was machined to the desired shape with a mean error of only 15 !J.m, resulting in 

insignificant slope errors. In this case a beam of 170 mm length was used, with a free optical aperture of 150 mm. The 

measurements on this mirror are shown in Fig. 10. The line shows the deviation from a flat surface, the dotted line shows 

c 
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the deviation from a best fit ellipse (object distance 31 m, image distance= 0.5 m, grazing angle= 1/3°), and the dots show 

the difference between the two. The previously flat surface now has a negative error at the left hand side, and a small positive 

error at the right hand side. The cause of this error turns out to be related to the compressive strain exerted by the bolts used 

to hold the springs to the attachment blocks. This can be eliminated by introducing a strain relief slot between the end of the 

bolt and the part of the block used for gluing to the mirror. This is being incorporated into the next iteration of this design, 

and should entirely eliminate the problem. From the dotted line in Fig. 10, it can be seen that the end effects due to the 

compression produced by the bolts has been reduced, possibly due to the tensile force in the beam under bending, and that 

the overall error over the whole length is small. The standard deviation of this error is 1.2 J..Lrads. The dots give the 

difference between the two curves, and gives an indication of the perfection of bending from flat. These are initial 

measurements and to save time, the normal averaging and stabilization procedures to get low noise L TP traces were not used. 

As a result, undoubtedly some of the structure and noise seen in Fig. 10 is instrumental. 

7. CONCLUSIONS 

We have shown that J..lradian figure tolerance elliptical optics can be produced by controlled bending of flats. This opens the 

way to micron or sub-micron white light focusing for application in a wide range of areas. An application that we are 

currently pursuing is that of J..L-XPS. This is a much more demanding case as the radius of curvature is far Jess (R0 around 7 

m), and therefore to keep the stress at acceptable levels, the beam is much thinner (2 mm) than the example described here. 

This is difficult for a number of reasons. Thin substrates are flexible, and during polishing will deform with applied 

pressure. This means that it is difficult to produce thin flats to the required figure accuracy, and front-back surface parallelism. 

At the same time, parallelism becomes more important as the fractional errors are increased due to the reduced thickness. In 

addition, as stress is proportional to thickness and inversely proportional to radius of curvature, it can be seen that for the 2 

mm thick mirrors for J..L-XPS (Ro=7m), in comparison to the 9.525 mm thick J..L-XRD mirror described here (Ro=17lm), the 

stress will be 5 times higher. The value of the stress is high enough that care has to be taken to remove cracks and defects 

caused by the glass machining process by a combination of acid etching and mechanical polishing. It should be noted 

however that the J..L-XRD mirror has suffered several machining operations without apparent problems. In addition, the width 

profiling did not cause any apparent change in the flatness of the material. One solution to the problem of producing mirrors 

with small radii of curvature is to produce them in a high strength material, such as steel. This means that the material can 

be thicker than glass, and together with the higher elastic modulus of steel, the material is much stiffer for polishing. In 

addition, it can be width profiled in a simple manner by wire electric discharge machining, or CNC milling. We are 

pursuing the use of both materials for our J..L-XPS mirrors. Finally it should be noted that if we obtain a substrate from an 

optics vendor that has a surface figure and parallelism that are out of specification, so long as we know what these values are, 

using eq. (4) we can calculate the appropriate width variation to eliminate the error. A further way to achieve the same result 

is to bend the substrate to the best approximation to the desired elliptical shape, evaluate the error, and calculate the 

correction in the width necessary to correct the error. The feasibility of such an approach is currently being evaluated. 
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