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ABSTRACT 

We report the results of our research and development in techniques for producing elliptical x-ray mirrors 

by controlled bending of a flat substrate. We review the theory and· technique of mirror bending with 

emphasis on the optical engineering issues and describe our design concepts for both metal and ceramic 

mirrors. We provide analysis of the various classes of error which have to be addressed in order to obtain 

a high quality elliptical surface and a correspondingly fine focus of the x-ray beam. We describe particular 

mirrors which have been built, using these techniques, to meet the requirements of the scientific program 

at the Advanced Light Source at Berkeley. For these examples we show optical metrology results 

indicating the achievement of surface accuracy values around and, in some cases, below one microradian 

as well as x-ray measurements showing submicron focal spots. 

Keywords: Synchrotron radiation, elliptical-cylinder, mirror, adaptive, x-ray, microprobe 

1. INTRODUCTION 

Substantial progress has been made in recent years in the fabrication of high-quality x-ray mirror surfaces 

by conventional grinding and polishing. One of the beneficiaries of this improvement has been the 

synch!otron-radiation research comrimnity which is faced with the task of building optical systems for the 
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latest generation of sychrotron x-ray sources such as the Advanced Light Source at Berkeley. The new 

sources have several orders of magnitude higher x-ray brightness than older machines, and they have 

enabled many new types of x-ray spectroscopy, microscopy and microanalysis to be performed. These 

experiments have generated a demand for reflective condensing optics of high light-gathering power and 

excellent focus quality and we have been involved in studies over several years to provide such optics for 

the beam lines at the Advanced Light Source. The mirrors of interest may be part of a prefocusing system 

which condenses the beam for some type of spectrometer or microscope or they may form a microprobe 

delivering the beam directly to a micron- or subriticron-scale spot on the sample. The simplest focusing 

surfaces that can be used for these systems are spheres and circular-cylinders and these are adequate for 

some purposes. However, to obtain simultaneously the finest focus and greatest light-gathering power it 

is always advantageous to use elliptical-cylinder mirrors. Naturally the realization of this advantage 

depends on being able to construct the mirror with sufficient accuracy and we address that issue in various 

ways in what follows. 

In this paper we consider the technique of making elliptical-cylinder mirrors by bending an initially 

flat plate. We have adopted this approach over conventional rigid-mirror technology partly as a cost 

saving measure and partly in pursuit of a higher surface accuracy than could be achieved by zone polishing 

of a rigid substrate. Such advantages follow in part from the use of classical flat polishing. We also report 

some of our experiences in engineering and operating mirrors of this type, ranging from a one-meter-class 

condenser mirror to small microprobe optics delivering submicron-scale focal spots. 

2. SCIENTIFIC MOTIVATIONS AND REQUIREMENTS 

There are now microprobe or microfocus experiments in place at most of the third-generation synchrotron-

nidiation laboratories I, 2. A variety of focusing techniques have been used as reviewed, for example, by 

Dhez. In selecting the one best suited to the microfocus experiments at ALS, particularly x-ray 

microdiffraction (~-XRD), fluorescence microanalysis (~-XRF) and x-ray photoelectron spectroscopy (~-

XPS), we judged the need3 for convenient wavelength tuning to be a very high priority. This favors the 
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methods based on specular reflection and we believe that, of these, the elliptical Kirkpatrick-Baez mirror 

scheme4 has the best flexibility and light-gathering power. In particular, either one or both members of the 

pair can be used for prefocusing or post focusing with independent choice of magnification in the 

horizontal and vertical directions. We have now built and operated several elliptical Kirkpatrick-Baez 

systems and we will discuss the performances achieved so far and projected for the future in the sections 

that follow. However, it is clear from the outset that, while a specu,lar Kirkpatrick-Baez scheme is very 

competitive for tunability, light-gathering power and flux, it lags behind zone plates with respect to spatial 

resolution by factors that range from about 4 for hard x-rays to more than 10 for soft x-rays. 

Apart from high spatial resolution, the other principal requirement of the scientific applications is to 

not waste photons. This requires attention to the phase-space matching of the beam and the optical system 

and we discuss this further in section 4. 
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3. TECHNICAL APPROACH AND HISTORY 

We are interested in bending a flat constant-thickness mirror by the application of unequal end couples. If 

the mirror has a constant width as well as constant thickness, then the result of such bending is a cubic 

curve which can be made to approximate an ellipse up to third order (see equation 2.). This enables 

correction of defocus and comaS while leaving higher-order aberrations uncorrected. Higher-order 

corrections to the bent shape are made, if required, by applying a controlled variation to the mirror width. 

Techniques of this general type have often been used before for both normal-incidence6 and grazing­

incidence7-9 systems and have been quite widely used for focusing synchrotron-radiation x-raysl0-12. 

This has included the use .of bent metal mirrors with water coolingl3, gravity-corrected mirrors14 and 

directly-deformable piezo-ceramic mirrors15, 16. The programmable-width concept was first introduced by 

Turner and Underwood17, 18 while the Advanced Light Source group have developed a variable-thickness 

scheme in which the mirror and bending mechanism are built as a single monolith 19, 20. The situation as 

of 1993 was reviewed by Howells and Lunt20 and more recent work at the ALS21-24, 2 and other third­

generation light sources25-27 is now on record. 

Some of the above-mentioned mirrors have achieved their specified performance levels while 

others have failed due to the application of unintended additional forces. 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 although the methods of construction we will discuss are also applicable to the quadratic (i. e. 

circular) and cubic approximations to the ellipse. 

4 .. PHASE SPACE ACCEPTANCE OF A GRAZING INCIDENCE X-RAY MIRROR 

Let us consider the quantitative effect of phase-space limitations, which apply to all focusing systems, 

including x-ray mirrors. Suppose a mirror is required to focus light from a source of full width s at 
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distance r to a spot of width s' at distance r'. The useful angles of grazing incidence lie in the range zero 

to ec (the critical angle) so, in principal, the convergence angle for the beam arriving at the focus could be 

up to 28c. However, in practice one can never make the mirror long enough to cover such a large range 

of angles and the limit is set by the r' values and the geometry of fitting in both mirrors of the pair. 

Roughly speaking, this limits the mirror lengths to about r' and the convergence angle to about e c I 2. If 

the source angle is </J and the focused beam angle is ¢'then s</J = s'</J' and the usable radiation emission 

angle is given by </J = s'8c I (2s). For example, the size sH x sv of an ALS bending-magnet source is 

240 X 20 J..1II12
• Therefore at 10 keV (8c:::: 6mrad), with a 1-f.IITI focused spot, 0.15 mrad of the vertical 

and 0.013 mrad of the horizontal fans emitted by the source would be usable. This shows that almost all 

of the vertical fan can be used which is a benefit of the high vertical brightness. On the other hand a 
smaller fraction of the horizontal fan can be used implying that the horizontally-focusing mirror will 

normally be the shorter and therefore the downstream member of the pair. Some further examples of this 

type are given by Howells and Hastings28. 

The broad picture is that microprobe mirrors have rather small usable emission angles and utilize 

only a limitedportion of the beam available at a bend magnet port. On the other hand condenser mirrors 

are usually required to deliver a larger spot (the size of an entrance slit or sample typically) and can usually 

accept the entire beam. Consequently microprobe mirrors are typically much smaller than condensers. In 

the case of a microprobe, the figure of merit is the resolving-power-phase-space-acceptance product. The 

resolving power is proportional to 1 Is' and the acceptance is s' </J'. The figure of merit thus reduces to </>' 

or equivalently to the mirror size which indicates that microprobe mirrors should be made as large as 

possible up to the limit set by the usable emission angle. 

5. GEOMETRICAL CONSIDERATIONS 

An elliptical cylinder mirror is defined by the optical parameters r, r' and e and has major and minor 

semiaxes a and band eccentricity e (see Fig. 1). It is represented in the X-Y coordinate system by 
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(1) 

The same ellipse can also be represented by a power series in the x, y coordinates of Fig. 1 as follows; 

(2) 

so that the slope and curvature are, 

(3) 

The ai coefficients for the ellipse are given up to a10 in Appendix J29. Each term aixi of the series in 

equation (2) corresponds to an aberration of the reflected wave front 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 comaS (linear 

variation of curvature with position in the aperture (see equation (3)), the i=4 one to spherical aberration 

and so on. 

The major and minor semiaxes a and b, the eccentricity e of the ellipse, the coordinates ( X0 , Yo) of 

the pole of the mirror and the angle 8 between the 0 X and ox axes are related to the optical parameters 

r, r' and e by the following relations; 

2a = r+ r' 

(2ae )2 = r2 + r'2 - 2rr' cos 28 

v _ rr'sin28 
Lo -

2ae 

b2 
= a

2(1- e2
) 

[Y[ 
X0 = ±a~l-fl: 

7 

s: -t(sin8) u =cos --. 
e (4) 



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

6. FORMATION OF AN ELLIPTICAL SURFACE BY BEAM BENDING 

First consider a beam that is being bent by the action of two. end couples C 1 and C2 defined to be 

positive in the sense drawn in Fig. 2. One ·can show that the bending moment will vary linearly from 

cl at X = - L I 2 to c2 at X = + L I 2. The differential equation for the shape of the bent beam is the 

Bemouilli-Euler equation30 that here takes the following form, 

(5) 

where E is Young's modulus and Io is the moment of inertia of the beam cross section, considered for the 

moment to be constant. 

In order to make the cubic approximation to the ellipse, we equate coefficients of the the i=2 and 

i=3 terms of equations (3) and (5) to determine the required values of C1 and C2. 

ct + c2 - 2£'1 - Eio - .to~--
2 Ro 

(6) 

(7) 

where Ro is the radius of curvature at the center. Thus the mirror will match the ellipse up to third order if 

the bending moment is equal to C1 and C2 at -U2 and +L/2. The actual couples applied to the mirror 

need not be positioned exactly at -:-U2 and +U2 and in fact they are best placed somewhat further from the 

mirror center to allow for the effect of end errors (see Fig. 6). To make the quadratic approximation, we 
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would set the magnitude of both couples equal to C = E/0 I R. The cubic approximation that we have 

defined here is not necessarily the best cubic approximation. We discuss later in Section 9.2.2 how it can 

be improved in the case that externally-induced spherical aberration is present. The optimum 

approximation to a parabolic mirror has been discussed by Underwood Is. 

A better solution is often to construct a nominally exact elliptical shape. We can do this by 

modifying the width of the mirror so that Io in equation (5) becomes I(x) and is calculated to give the right 

radius of curvature at each value of x as specified by equation (5). We could this for almost any pair of 

end couples but as an example we use the ones given by equations (6) and (7). Inserting equations. (3), 

(6) and (7) into (5) and remembering that I= bh3 /12 where b and h are the width and thickness of the 

mirror respectively, we obtain an expression for the width needed to produce the desired elliptical shape; 

(8)' 

In this expression we have expressed the ellipse curvature according to equation (3) which is simpler and 

sufficiently accurate for almost all purposes if the series is taken up to tenth order as in Appendix I. 

However, it is also straightforward to calculate an exact value based on equation (1). 

7. RANGE OF VALIDITY OF THE QUADRATIC AND CUBIC APPROXIMATIONS 

The quadratic approximation corresponds to building y = a2x2 and the cubic approximation to building 

y = a2x2 + a3x3
. In order to investigate the range of validity of these approximations, we have made a 

calculation3I iri which the length of the circular or cubic mirror is allowed to extend in each direction until 

the slope error relative to the corresponding ellipse reaches a prescribed value, L1. That means 2.1 is 
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roughly the peak-to-valley slope error. On this basis, the permitted mirror full lengths 0_ and~ for the 

quadratic and cubic approximations respectively are determined to be 

. [ ]1/2 
0_ = kzr' (): (M ~ 0.5) (9) 

where M-is the magnification, ()G is the grazing angle and k2 and k3 are dimensionless constants with 

values 3.28 and 2.97 respectively. Evidently the approximate mirror shapes will work better for harder x-

ray mirrors because of their smaller ()G values. With an appropriate choice of .1, the approximate mirrors 

can achieve arbitrarily small spot sizes (provided they are sufficiently well-made). However, their aperture 

will be limited according to equations. (9) and for the smallest spot sizes, the loss of phase-space 

acceptance compared to a true ellipse will be severe. 

To illustrate how much light-gathering power is lost by approximating the ellipse, we consider the 

hard-x-ray J..L-XRD mirror at the ALS as an example. Taking the ellipse length as r' and using equations 

(9) with a one-micron spot size and the J..L-XRD parameters inTable 1, we find that horizontally, the limits 

on the lengths of the ellipse, cubic and circle mirrors are 100, 22 and 7 mm respectively. Vertically the 

same three limits are 500, 66 and 15 mm and the concentration factor (of the beam area) for the ellipse, 

cubic and circle cases would be 1.7x106, 5.0x104 and 3.5x103 respectively. Even larger losses of x-ray 

flux are found if elliptical mirrors are replaced by their approximations in soft x-ray microprobe schemes. 

However, note that the values given by equation (9) do not take into account the possibility of aberration 

balancing which we discuss later in Section 9 .2.2. 
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8. MIRROR BENDING BY WEAK LEAF SPRINGS 

8.1 Mechanical principles 

We consider here two types of bending machines: those which put the mirror in tension and those which 

do not. Example implementations of the two classes of leaf-spring bending mechanisms (with and without 

the tensile force) are shown in idealized form in Fig. 3. 

To understand the statics of the arrangement in Fig. 3 (a) suppose the loading is applied in two 

steps: 

Step 1: the force F is applied by moving the slide to the left. This applies couples of equal magnitude and 

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 rigidly clamped at the base as shown. (It would be Fl if they 

were hinged.) To obtain couples of equal magnitude it is only necessary that the springs be equal in 

length. It is not necessary that they be elastically identical. 

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 and induces axial forces in the springs which are 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/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{equation (6)). The value of L1C determines the amount of coma correction (equation 

(7)). 

The advantages of this type of design are as follows: 

• The focal length of the mirror and the amount of aberration correction are independently adjustable 

using F and G. 

• The springs are made weak so that small deformations of the mirror are produced by large, easily 

controllable, movements of the drivers. 

11 



• 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. (Some simplifications can be obtained by making this 

base part of the vaeuum envelope). 

The bending system shown in Fig. 3(b) is a variant which does not put the mirror in tension. The 

scheme has the virtue of simplicity although it lacks the separation of focusing and aberration correction. 

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

Both of these schemes are being used for mirrors at the ALS. The "S" spring type is being used 

for J.t-XRD while the the XPEEM condenser is roughly of the second type. The J.t-XPS system uses a 

variant of the "S" spring scheme, in which the springs are hinged at the bottom and therefore bend in the 

manner of a cantilever. In section 11 we give further discussion of the performance of these designs in 

practice. 

8.2 Fabrication methods 

We believe that the guiding considerations in substrate manufacture should be dimensional stability32 (in 

particular low residual stress), and the flatness and parallelness of the front and back surfaces. (Note that 

curvature is an error in an elliptical bender.) These requirements favor construction as a simple flat plate 

and use of standard machining-grinding-lapping sequences to achieve high quality surfaces on both sides. 

Both standard stress relief and thermal cycling may be required according to the choice of materiaP2 as 

described for specific cases in section 11. As we discuss in the section on anticlastic bending (9 .1.2), the 

quality of the back surface is important and may determine the distortion due to the joint between the 

mirror and the bender. The lapping step is a low-stress procedure .that is required both for surface quality 
. / 

and to remove the stressed surface layer due to the preceding grinding step. (It is noteworthy that after 

lapping it becomes possible to measure the shape using the long trace profiler.) By these methods it 
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should be possible to get most mirrors flat and parallel within about a part in a thousand. The most likely 

errors are curvature and wedge, which we treat quantitatively in section 9.4. 

The calculated shape of the edges (equation (8)) should be cut early on in the process by 

numerically-controlled (NC) milling in the case of metal substrates or NC grinding in the case of ceramic 

ones followed in both cases by suitable stress relief. NC machines are less readily available for ceramics 

and it is sometimes sufficient to utilize a polygon shaped mirror as a compromise between a constant-width 

and the exact calculated curve. The advantage of the polygon is that it can be cut with a saw. 

A different form of correction by edge shaping was practiced by Lienert and coworkers33 who 

modified the edges of their bent-crystal optics after the optics had been ma~ufactured so as to improve the 

shape of the Bragg planes. The errors were due to alteration of unavoidable stresses when the silicon was 

cut to shape and the corrections were based on point-by-point x-ray-reflection measurements of the optics. 

This has not yet been done with a bent mirror. However, we do have evidence that some fused silica 

mirrors can be shaped after polishing without much damage to their optical figure. This gives some hope 

that such mirrors might be similarly corrected on the basis of optical measurements made after polishing 

and bending. 

8.3 Assembly 

A major step is the making of the joint between the mirror and the bending mechanism. We 

disc.uss this later in connection with potential errors due to adhesive or nut-and-bolt joints (section 9 .1.2) 

and with the technique for strong adhesive joints (section 10). Once the joints to the mirror ends are made, 

the rest of the assembly process is usually a nut-and-bolt operation in which the difficult step is the last one 

that closes the loop made by the mirror and the bending machine. Often the assembled mirror has a twist 

greater than the sagittal slope error tolerance. It is then important that some part of the assembly should be 

deformable or adjustable with suffici~nt resolution to reset the twist within tolerance. There are various 

ways to measure the twist when making this setting. A convenient one that we have used is to make 
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separate autocollimator readings at the ends of the mirror, each time aligning the instrument with respect to 

the vertical by means of a tilt m:eter34. 

8.4 Optical testing 

Once the mirror can be bent, the task of setting the bending couples to the best values, as measured 

by the long-trace profiler, can begin. When the x-ray source is of rms size .Eat distance r, the allowed rms 

slope errors (a), as measured by the long trace profiler, are usually defined as follows. 

Tangential plane: cJ1 :5 .EJ(4r), 

Sagittal plane: as :5 EJ(4rsin8a), 

where Ba is the grazing angle. These are useful practical definitions that are intended as the condition to 

not degrade the source brightness. Ho~ever, they are simplistic and do not provide any guarantees of 

performance. Moreover, the a 1 values corresponding to a third generation x-ray source at a few tens of 

meters distance are often beyond the state of the art of mirror making (a1<0.1 Ill" for example). The 

procedure to get the best values of the bending couples has been discussed by Rah29. It is noteworthy that 

one can usually do much better than simply selecting the values that satisfy equations (6) and (7), as 

discussed in section 9.2.2. 

9 ANALYSIS OF ERRORS IN MIRROR BENDERS 

The practical implementation of high quality bendable mirrors is largely a question of analyzing and 

controlling the errors which can produce departures from the ideal elliptical-cylinder surface that we are 

seeking to create. We now give a detailed analysis of the following classes of error. 

1. Intrinsic errors that exist even for perfectly made and operated mirrors 

2. Errors produced by environmental effects 

3. Operation of the mirror at other than its design conjugates 

4. Manufacturing errors 
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9.1 Intrinsic errors 

9.1.1 Tension effects 

The design shown schematically in Fig. 4, which is commonly used, applies a tensile force to the mirror 

which will tend to have a straightening effect and we now proceed to calculate the size of the resulting 

error. To do this consider a simplified case of a circularly-bent mirror with equal couples, applied by 

forces F and bending levers of length l, at the ends of the mirror (Fig. 4). This leads to C1=C2=Fl and the 

mirror is subjected to a tensile force F. Allowing for the latter, equation (5) becomes35, 36 

d2 . ~ y 2 2 
- 2 - q y = q l where q -
dx - E/

0 

leading to a slope distribution 

dy = ~[sinhqx]. 
dx Ro · qx 

(10) 

(11) 

The first term in equation (11) xiRo 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 tends 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=l m, 1=0.05 m, Ro=lOO m, the maximum slope error would be 16 

arcseconds. For the majority of practical cases, however, the error is likely to be negligible ( <0.1 Jlfadian 

say). 

9.1.2 Anticlastic bending effects 

The design scheme described in this article is essentially a beam-theory concept so we should be alert for 

situations where beam theory may be expected to break down. Such a case arises when the mirror width 

is not small compared to its length and the mirror needs to be treated as a plate. One has then to take into 
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account the fact that, in the absence of boundary conditions, the "natural" sagittal curvature will be equal to 

v times the externally-applied tangential curvature ( v being Poisson's ratio), The degree to which this 

"anticlastic" curvature can be removed by constraining the two nominally straight edges to remain exactly 

straight has been analyzed by Ferrer and coworkers37 in connection with focusing crystals. Consider a 

plate of length a and width b bent into a circular cylinder by equal and opposite couples applied to the 

edges x=O and x=a which are assumed to be clamped straight. The x and y axes are defined so that the 

edges of the plate are x=O, x=a and y=±b/2. It can then be shown38, 39 using the standard methods of 

plate theory40, that the closed-form solution for w (the out-of-plane displacement) is as follows. 

Loo { 4a
2 

1 mny mny . mny} . mn:x w= ----+~cosh--+Bm--smh-- sm--
Rn3 m3 a a a a m=l 

where R is the nominal bending radius, m=1, 3, 5, ... and 

Am= Cm{sinham(l+v)-amcosham(l-v)} 

Bm = Cm sinham(l- v) 

C = 4a2v _1_ 1 and a = m'Tl:b 
m Rn3 m3 sinh am cosham(3 + v)(1- v)- am(l- vf m 2a 

(12) 

The first term of this solution is the Fourier series of the intended cylindrical shape and the other terms 

represent the errors due to anticlastic bending. Such errors can become important for mirrors with large 

widths and/or large grazing angles. 

Another type of anticlastic-bending effect may appear when a glass or silicon mirror substrate is 

glued to the metal plate that is used for attaching the bending mechanism. An important factor to consider 

in this case is the fractional shrinkage cG of the glue. First we consider the effect of shrinkage of the glue 
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layer in its own plane. Suppose we are joining two plates of thickness, elastic modulus and Poisson's ratio 

h1, E 1, V1 and ~' Ez and v2 respectively. Suppose further that the glue layer behaves elastically and has 

thickness ha( << h1, ~)and modulus E0 . It can then be shown that the stress due to shrinkage induces a 

spherical tadius He; given by 

He;= E1~
2 

1 + 4en + 6en
2 + 4en3 + e2n

4 

6(1- v1)eGEGhG 1- en2 
(13) 

wheren=~/h1 ande=(Etf(l-v1))/(Ez/(1-v2 )). In the special case that n-70, which represents a 

s~ngle plate with a thin coating, the second fraction on the right is equal to ';lnity and equation (13) reduces 

to the Stoney equation41. Now, in practical cases (glue thickness about 50-150 J.llll), the cross section of 

the glue layer will be much smaller than that of the two plates that are being joined. Therefore the 

shrinkage forces due to the glue layer are not likely to produce a large distortion. Nevertheless, at the 

microradian level, this is still something to keep In mind. Up to now there is no anticlastic effect due to the 

glue. 

On the other hand consider the shrinkage of the glue layer in a direction perpendicular to its own 

plane. In this case the cross section involved (the joint area) is large, and the shrinkage force will normally 

be dominant compared to the flexural forces of the two plates that are opposing it. We first became 

interested in this issue when we made long-trace profiler tests on a glass mirror, with steel fixtures glued 

on its underside. We observed the unexpected slope errors, shown in Fig. 5, extending a distance equal to 

five or six times the thickness beyond the glued area and taking about half of the mirror out of tolerance. 

Our first thought was that a tangential curvature, due in some way to the joint, might produce such a long­

range error. However, insight based on St. Venant's principal, which was confirmed by finite-element 

analysis, indicated that the effects of such distortions in the tangential plane would normally extend only 

about one thickness beyond the region of the joint. 
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We now believe that the errors arise in a more indirect way as follows. Suppose the curvatures of 

the two surfaces being joined by the glue are miss matched. The glue layer would then be non uniform, 

and, after shrinking in proportion to its thickness, would induce both a tangential and sagittal curvature of 

the mirror in the joint area. The tangential curvature would be ineffective, as noted above, but the sagittal 

curvature of the glue-joint would continue far beyond the joint area and would produce a corresponding 

anticlastic tangential curvature as seen in Fig. 5. This picture is made plausible by finite-element analysis 

which shows that a mirror with back-glued nietal blocks of suitable curvature can reproduce Fig. 5 almost 

exactly. 

The message of this is to avoid such sagittal distortions at the ends of the mirror. This is equally 

important for bolted or glued joints to the back (or front) of the mirror. It appears that VUV and soft x-ray 

mirrors with their high curvature and corresponding low thickness are particularly vulnerable to this type 

of error. If the mirror is thicker than about 0.5 centimeter, then the fixtures can be glued to. the end and in 

our experience this is one way to eliminate the problem. For hard x-ray mirrors, typically having lengths 

up to a meter and radii of at least a kilometer, one normally makes the thickness much greater (5-10 em) to 

resist bending under gravity and in these cases the distortions due to end attachments are much less of a 

problem. We give an illustration of bending a beam of this general shape in the next section. 

9.1.3 Line and strip loading of the mirror surface by clamps 

In several traditional bender designs, the end couples are applied to the mirror by four rods in a four-point-

bending configuration42. This delivers a line loading to the mirror surface. The surface slope at distance x 

along a line perpendicular to the line load can be calculated in plane strain if the mirror is idealized as a 2-

dimensional elastic half plane43. 

(line load) (14) 
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where P is the load per unit length. If the load is applied over a finite area of width 2a, roughly 

representing a flat clamp, the effect can be obtained by integration of equation (14)43. 

( 2) 21-v p x+a 
Slope = In(--) 

rcE x-a 
(strip load) (15) 

where p is the load per unit area. We compared both of these equations to finite-element analysis of 

mirrors of thickness 1 em with realistic bending loads. The agreement was good and, furthermore, the 

slope errors fell to values much less than a microradian within one centimeter of the loaded area. This 

suggests that bender designs using clamps acting perpendicular to the mirror surface can, in principle, be 

effective. As an illustration of these types of calculation we show both t:pe measured and calculated 2D 

stresses in the four-point-bender geometry as given in a classical text on photoelasticity (Fig. 6)44. 

9.2 Errors produced by environmental effects 

The environmental influences that impact synchrotron-radiation optics are mainly the vacuum, the thermal 

changes due to illumination by the beam and gravity. Here we consider only the last two. 

9.2.1 Temperature 

If the mirror expands more than the base then one can see from Fig. 3a or 3b that the result will be 

unintended end couples tending to make the mirror more convex. The slope errors at the ends produced 

by such couples are 3aeiL2 
/ 2EJZ2 radians/°C where E, I, L and e, i, l are the modulus, section moment 

and length of the mirror and support legs respectively. In order to ensure that these slope errors are 

negligibly small, we have to make the legs sufficiently flexible within the limitation that the loading should 

not approach the critical force for buckling, which in this case is rc2ei/Z2
. This is generally easy to do. 
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9.2.2 Gravity 

When a mirror of uniform cross section, simply supported at its ends, sags under gravity, it assumes a 

symmetrical shape of the general type y = ax2 + bx4
, which represents a mixture of defocus and spherical 

aberration. Under the influence of gravity alone a and b take the values ao = mL2 /16£/, b0 = -mj24El 

where m is the weight per unit length. This shows that the slope err9r at either end due to defocus is three 

times larger than that due to spherical aberration and in the opposite direction so that the net end slope error 

is twice that due to tl}e spherical aberration. For convenience we adopt the magnitude of the spherical 

aberration end slope as a reference "unit". For a uniform mirror under gravity alone the size of the unit is 

-mJ! /48£/. For "rigid" mirrors one can remove much of the distortion by choosing the best spacing 

between the support points. An analysis of this· choice has been given by Howells and Lunt20, who show 

that the minimum gravitational peak-to-valley slope error is achieved with a spacing of L/ -J3 which gives 

a factor 16.4 improvement in the end slope error compared to having the supports at the ends. Other 

approaches to eliminating the unwanted effects of gravity are an increase in lfm (for example by an 

increase of the depth), the use of high-specific-strength materials such as beryllium or silicon carbide or 

active correction by a series of springs14. 

The situation is different if the mirror has adjustable end couples. Then the value of a becomes 

controllable but the value of b does not. This certainly implies that the curvature can be removed leaving 

one unit of end slope error. However, there are still two more strategies for reducing the spherical 

aberration, both of which are quite effective. The first is to intentionally defocus the system which is a 

classical form of aberration balancing45. It works for all types of spherical aberration whether the source 

is manufacturing error, gravity or the use of an ellipse at other than its design conjugates. It can be 

shown46 that, for gravitational distortion, the best peak-to-valley slope error is obtained by setting 

a= -3bL2 /8 which reduces the end slope to 0.25 units. Similarly the best rms slope error requires 

a= -3bL2 /10 and is equal to 0.076 units. The process of finding these optimum settings is not as 

difficult as it may seem. For example, the rms-slope-error optimum is found automatically if the mirror 
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focal length is tuned through the minimum in the measured rms width of the x-ray image or the minimum 

of the rms error of the long-trace profiler residual curve. 

The second approach to correction of any type of spherical aberration is to apply an adjustable 

point load at the center of the mirror. On large mirrors this is fairly easy to do. Application of beam 

theory shows that the result of the point load alone is to generate a cubic shape of the general form 

y = ux2 + vlxl3 which means that the effect is to deliver a controlled cubic contribution. It is true that an 

unintended quadratic contribution is produced at the same time but this can be removed because we can 

add any amount of defocus using the end couples and the principle of superposition applies. Including the 

center load, we now have a new generic shape y = a' x2 + c'lxl3 + b' x4
. Analysis of this46 shows that the 

minimum rms slope error is obtained for a' = b' L2 /5, c' = - 8b' L/9 and fs 6.0 times smaller than for the 

optimum defocus corrections alone. 

The overall effect of these strategies is as follows. The best rms slope error obtainable by defocus 

(aberration balancing) is 0.076 units and by both defocus and a central point load is 0.0126 units. The 

remarkable effectiveness of the combination of these two strategies is the explanation for the excellent 

performance of the XPEEM condenser mirror. Such performance is being achieved in spite of an initial 

unit of 100 jlfadians of end error due to correction of unintended curvature of the substrate before bending 

(see section 11.1). 

9.3 Operation of the mirror at other than its design conjugates 

Suppose initially that the mirror is installed with an incidence angle (} + L1(} instead of (} and that the two 

end couples are then adjusted for the best possible image. This tells us that focus and coma are corrected 

and that the dominant aberration, which is spherical aberration is reduced by aberration balancing as 

described in the previous section. The corresponding value of the end slope error will be equal to the 

difference between the spherical-aberration contributions to the slope (equation (3)) of an ( r, r', (}) ellipse 

and an ( r, r', (} + L1(}) ellipse. The expected value of the rms slope error is therefore given by 
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srms = 0.0?6{a4(r,r',8)- a4(r,r',e + .18)} L3 

L18 .18 2 ' 
(16) 

where a4 is given in Appendix 1. Exactly analogous expressions give the rms errors due to operation at 

distances other than r orr'. We choose not to approximate the curly bracket as a derivative because it 

would not be a simplification and because interesting changes of the variables are not always small enough 

to justify it. Equation (16) allows one to plot a relationship between srms and L1r,L1r' or .18 and thus to 

establish a tolerance for r, r' or 8. Because of the correction of focus and coma and the reduction of the 

spherical aberration, the system is surprisingly forgiving of installation errors and normal surveying 

tolerances are usually quite sufficient. 

9.4 Manufacturing errors 

Fortunately, the most important errors involved in manufacturing the mirror substrate do not lead 

to a change in the position of the neutral axis and are easy to treat theoretically. Using the subscript zero to 

identify the intended parameters of the error-free system, we can write the flexural rigidity F (defined 

generically as "EI") as 

where a total wedge of t1h and an extra width Lib(x) of material of modulus E1 have been included to 

represent these errors, If we also include an unintended curvature with radius Re, the optimum values of 

the couples, C + L1C and C- L1C are now altered according to 
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and the resulting slope error is 

dy- dyl = 1 Copt+ L - C+ L dx' 
· l 2L1Copt.X' 2L1Cx' I 

dx dx o 0 F(x') Fo(x') · 

It is noteworthy that, given appropriate changes in the bending couples, a constant fractional error in either 

the width or the thickness of the substrate does not lead to errors in the final shape. 

10. MIRROR MATERIALS: GENERAL CONSIDERATIONS 

Apart from building elliptical mirrors, the ALS group has also addressed some interesting materials 

questions associated with mirror bending. One of the requirements is always that the mirror must be 

joined to the bending machine. This is easy for metals, one can simply use nuts and bolts. On the other 

hand for ceramics (glass and silicon) it usually implies the use of adhesive or solder which ~aises questions 

of shrinkage and distortion discussed earlier. In order to build the 1.1-XPS mirrors (see Table 1), it was 

necessary to bend one mirror to 4.5 m radius. This is ·difficult for ceramics because, due to stress 

considerations, the thickness has to be reduced to around a millimeter, which gives insufficient rigidity for 

high-quality polishing. For metals, it is easy to find materials with a high stress capability, which allows 

the substrate to be thicker and easier to polish. On the other hand metals do not offer a path to multilayer­

coated mirrors and there are obviously risks in subjecting an electroless-nickel coating, which may have 

significant stresses of its own, to high bending stress. 

We have approached these technical challenges in two ways. First we have developed the 

technique of superpolishing bare stainless steel47. The material used was a martensitic precipitation­

hardening stainless steel (type 17-4 PH) which has manufacturing properties similar to commonly-used 

alloys such as type 304, and which, upon aging at a moderate temperature, acquires a yield strength of 1.3 
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GPa and excellent dimensional stability (changes <0.05 pprnlyear48). A more detailed study of the 

materials issues involved in the stability, polishability and other properties of this alloy are given by 

Howells and Casstevens47. The finish achieved by Dallas Optical Systems49 on a total of 13 mirrors to 

date has been in the range 2-3 A rms as measured by the ALS optical profiler with spatial frequency range 

0.3-100 mm-1. We believe that this ability to superpolish stainless steel could have far-reaching 

consequences for the design of sy~chrotron-radiation optics generally. 

Second, we have improved our techniqueSO for ceramic-to-metal adhesive joints to the point where 

mirror distortions due to glue shrinkage have become difficult to see using our standard metrology 

methods. As noted above this has involved placing the joint surfaces perpendicular to the plane of the 

mirror (i. e. on the ends). We have also adopted some of the established practices of the aerospace 

industry in designing glue joints for strength51. In particular, we ensure that the glue at the vulnerable end 

of the joint (the one which is not in compression) should be in shear not tension. Furthermore, we 

introduce a weak link (known as a "foot") at one end of the joint to ensure that the loads transferred to the 

glue at the vulnerable point are relatively small (Fig. 7). Based on considerations of strength, vapor 

pressure and shrinkage, our latest mirrors are being built with glue type 9309.3NA made by Dexter­

Hysol52, so. 

We do not believe that there is just one optimum way to make a bent mirror. The variety of 

requirements encountered in synchrotron-radiation practice demand that all of the material options, 

ceramic, metal and' nickel-plated metal should be available. In the section that follows we describe several 

successful mirrors that provide practical examples of the techniques discussed above. The examples are 

summarized in Table 1. which provides most of the parameters describing the function and performance of 

the mirrors. We include in the table one mirror which is not an ellipse (the 7.3.3 condenser) because it 

illustrates several of the technical issues we have discussed, especially the design of the end fixtures and 

epoxy jointsSO (Fig. 7). 

24 



11. EXPERIMENTAL MEASUREMENTS ON REAL ELLIPTICAL MIRRORS 

11.1 The XPEEM condenser53 

This mirror, shown in Fig. 15, illustrates a number of interesting points. It belongs to the class of mirrors 

which would suffer large errors were they to be put in tension by the bender. Therefore, a bender roughly 

similar to that of Fig. 3b was used. The large size of the mirror was to enable a large horizontal collection 

angle for a soft-x-ray bending magnet beam line and the goal was to produce a ten-times-demagnified 

image of the source. The geometrical image size was to be 30 f1II1 which would define the width of the 

image field of the XPEEM. The choice of material was based on an approach to dimensional stability, 

which has been used with some success in experiments directed toward hi~-stabi1ity gage-blocks48 . The 

strategy is to use a fully-annealed plain-carbon steel with very low carbon, in this case AISI type 1006. 

With suitably slow heating to, and cooling from, the anneal temperature (say two hours per em of section), 

this gives optimum stress relief. It also eliminates all of the martensite-tempering-type reactions that could 

lead to instability, and provides a simple low-cost substrate with a good thermal matc:h to the electroless­

nickellayer that was applied to all of the mirror surfaces. Since the material is practically pure iron, it has 

a much better thermal conductivity than high-alloy steels. The microyield stress will be somewhat reduced 

by the anneal but the moderate bending stresses required (20 MPa) can still be tolerated. The mirror 

suffered from an initial curvature of about 0.5 km that was not removed by either lapping or polishing. 

After adjusting the couples to allow for this, a marginal-ray spherical aberration of 100 fJfadian was 

produced. This was reduced using both deliberate defocus and a point load at the center, as described in 

section 9.2.2, so that the rms slope error was brought down to 14 f..lfadian rms over 1.1 m and 3.0 fJfadian 

rms over 0.6 m (Fig. 8). It is also reassuring that the shape of the mirror after the two types of spherical­

aberration correction (Fig. 8) was in close agreement with the calculated shapes46. Moreover, the 

measured x-ray spot width at full mirror aperture was almost exactly equal to the desired 30 flill (Fig. 9). 

We conclude that, although the performance was surprisingly good for such a difficult mirror, 

improvements are still possible by attention to the initial preparation of the blank. 
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11.2 The 1.1-XPS mirror pair 

The mirror pair used for the j.l-XPS Kirkpatrick-Baez system are described by the parameters given in 

Table 1. The most unusual feature is the extreme curvature which, as explained in section 10, led us to the 

stainless steel substrate. The manufacturing sequence used with the successful mirrors was as follows. 

1. Receive the material in the form of solution-treated bar stock, hot or cold finished. 

3 . Machine to size including the calculated edge shape for elliptical bending. 

4. Slowly raise to 480°C, hold for 1 hour; air cool. 

5. Fine grind back and front surfaces to a flatness of about one micron. 

6. Thermally cycle slowly to -196°C and 200°C, total of three cycles. 

7. Lap, removing at least 20-30 J;Ilicrons on both sides and polish. 

The front of the mirror was polished49 to the figure and finish given in Table 1 while the back was lapped 

to a sufficient flatness that it remainecl#lithin tolerance when it was bolted to the (similarly lapped) mating 

surfaces of the bending springs. After due attention to assembling the bender and springs without 

unacceptable twisting of the mirror, the procedure described by Rah29 was followed to choose the values 

of the couples for best fidelity to the desired ellipse. The final mirror shapes followed their intended 

ellipses within 1-3 !J.f which enabled x-ray spot widths of 1x1.2 !J.ffi to be obtained at 1 keV in j.l-XPS 

experiments. The majority of the mirror errors contributing to the spot width came from lack of flatness 

before bending. 

The mounted pair of mirrors are shown in their ultrahigh-vacuum bending system ready for installation in 

Fig. 10. The method of mounting the mirrors using a closely-spaced row of bolts directly threaded into 

the ends of the bending springs can be clearly seen in the picture. The center bolt is reversed to allow the 

beam to pass. This scheme is simple and effective and did not lead to significant mirror distortions except 

within about one mirror-thickness of the line of bolts. 
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11.3 The 1.1-XRD mirror pair 

The 1..1-XRD mirrors were built for hard x-rays with correspondingly smaller grazing angles and less high­

order optical correction21-23. The quadratic and cubic approximations are at their best in this situation and 

in fact the edge function of one of the 1..1-XRD mirrors was approximated by three straight lines without 

loss of performance. The development of these mirrors taught us a good deal about how to glue metal 

fixtures to the mirror. In particular, the need to have the glue joint on the ends of the mirror became 

evident following the measurements shown in Fig. 5. However, we found that even when this is done, it 

is still possible to introduce unacceptable distortions if the forces due to the screws transmit excessive 

stresses to the mirror. The solution is to ensure that the stress pattern due, to the screws is isolated from 

the mirror as shown in Fig. 11. Once these problems were resolved, arms slope error of 0.8 !..1fadian was 

obtained for the largest 1..1-XRD mirror (Fig. 12) and 0.65 !..1fadian for the smaller, enabling a final 

measured x-ray spot size of 0.8 x 0.8 J..lm2 (Fig. 13). (The latter image size and the others in the 

remainder of this section are full-width-at-half-maximum.) 

The two mirrors are operated at 300:1 demagnification in the horizontal and 60:1 in the vertical. These 

choices reflect the actual asymmetry of the source (300(H) x 60(V) J..tm2
) at the time the mirrors were 

designed. The present source size is 240 x 20 J..lm2 so the expected image size is now 0.8 x 0.33 J..lm 2 

which is to be compared to the observed size of 0.8 x 0.8 J..lm2 . Evidently the vertical spot width is slope­

error-limited w~ile the horizontal is not which still leaves unanswered the question of just how good the 

horizontally-focusing mirror may be. One way to test it under more challenging conditions would be to 

image the new smaller vertical source width. In this case the geometrical image width is 

20/300 = 0.067 J..lm and the diffraction limit (equal to half the wavelength divided by the numerical 

aperture) is 0.05 llffi· On the basis of the measured rms slope error of 0.65 !..1fadian we can naively derive 

an image width of 0.32 J..lffi FWHM and the quadratic sum of these three contributions is 0.33 J..lffi. The 

measured image width is 0.4 J..lffi (Fig. 14) which is in good agreement with this. Thus, although the 
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manufacturing error is still the largest contribution, the mirror performance is beginning to get within sight 

of the fundamental limits. The mirror used in this last measurement which is our smallest mirror to date is 

shown Fig. 15 together with our largest mirror, the XPEEM condenser. 

12. CONCLUSION 

We have discussed the techniques by which polished flat plates can be bent to form high-quality elliptical 

.mirrors. We have reported details of actual mirrors now being u~ed at the :ALS to illustrate the principles 

-- .and to show that surface accuracies better than one microradian rms and spot sizes better than one micron 

can be achieved using these methods. We have discussed the use of both metal and ceramic mirrors and 

shown that both can be used successfully. For metals, the manufacturing techniques involved are all 

standard machine-shop procedures, while for ceramics, metal end fixtures are glued to the mirror. We 

have discussed the various types of error that can degrade the accuracy of the elliptical surface and we 

believe that we have a reasonable understanding of them. 

The production of an elliptical-cylinder surface by bending is achieved by shaping the edges of the . flat 

mirror to a width that is calculated by beam theory. Our experience is that the small errors that we do 

observe are not due to a failure of this procedure but rather to lack of flatness of the mirror before bending. 

Thus we expect that these techniques can be improved still further by attention to the grinding-lapping­

polishing procedure and to the steps involved in connecting the mirror to the bending machine. 

It is still not clear where the ultimate limits to reflective microfocusing will tum out to be. We have got 

within a factor of eight of the diffraction limit in one hard x-ray case (section 11.3) which means we would 

be quite near the soft x-ray diffraction limit. We believe that we can close the gap still further in the future. 
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Figure Captions 

1. Ellipse layout and notation. 

2. Notation for discussing beam bending using two different couples. 

3. (a) shows an "S" spring bender in which equal and opposite couples are applied by moving the 

slideway to the left (force F), while couples of the same sign are applied by pushing the whole 

mirror to the left (force G). (b) avoids the mirror tension implicit in (a) by applying the couples by 

means of forces transverse to the mirror. The latter scheme has also the advantage of being all­

flexural. 

4. Schematic of a type of mirror bender that puts the mirror in tension. 

5. Surface shape of a rectangular development mirror with a bending mechanism of the type shown in 

Fig. 3a except that here the steel end fixtures were glued to the backside. The 9.5x42.5x200 mm3 

mirror was fabricated from fused silica with an initial rms flatness error of less than one !J.fadian. 

The solid line represents the unbent state, the dashed one a bent radius of 151 m and the dotted line 

the difference. Tilt, piston and curvature have been removed from both. The close agreement of 

the bent and unbent curves indicates that the serious errors at the ends of the mirror are not due to 

bending but rather to the method of attaching the end fixtures. 

6. Theory-of-elasticity calculation in plane stress (a) and photoelastic measurement (b) of the stress 

pattern due to four-point bending of a uniform beam44. It is noteworthy that the pattern of purely 

longitudinal stresses that one expects for a circularly-bent beam is not established until about one 

thickness away from the applied point loads which produce a locally non-ideal stress pattern. 

7. The 7.3.3. condenser mirror before installation into its vacuum tank. The "foot" described in 

section 10 can be seen at the top of each end plate. The x-ray beam passes through the curved slots 
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in the end plates and reflects from the bottom surface. For descriptive and performance parameters 

of the mirror, see Table 1. 

8. Attempts to improve the XPEEM mirror surface profile as measured by the long-trace profiler. In 

(a) the rms slope error has been minimised over the full length of the mirror (1.0 m) by tuning the 

defocus. In (b) the same thing has been done with additional assistance from the variable point 

load at the center. In (c) an optimisation similar to (b) has been applied over only the center 0.6 m. 

9. XPEEM mirror x-ray spot. The intended image width of 30 lll1l (the ten-times-demagnified 

horizontal source width of the ALS) was almost exactly achieved. 

10. The j...l-XPS mirror pair installed in their UHV benders. For descriptive and performance 

parameters of the mirrors, see Table 1. 

11. Some ideas on how to isolate the stresses in the end blocks from the mirror. 

12. Long-trace-profiler measure~ent of the successfulj...l-XRD mirror after the problems shown in Fig. 

5 had been resolved. The rms slope error was 0.87 l...lfadian. 

13. X-ray spot sizes achieved by the j...l-XRD mirrors in normal operation (a) in the horizontal, (b) in 

the vertical direction. 

14. Spot size of the smaller (higher demagnification) j...l-XRD mirror set to image the vertical source 

width of 20 lll1l· 

15. The smallest j...l-XRD mirror and the 1.25-m-long XPEEM condenser at the ALS optical metrology 

laboratory. For descriptive and performance parameters of both mirrors, see Table 1. 

APPENDIX 1: ELLIPTICAL MIRROR EXPANSION COEFFICIENTS 

To list the coefficients ai defined in equation (2) as compactly as possible we adopt the following 

shorthand notations 

. ~ 1 1) u=sm ---
r' r 

1 
v=­

rr' 
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The coefficients are then 

ao=O 
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Table 1: Some bent mirrors made at the ALS 

IJ·XPS IJ·XPS 

Initial shape 

Final shape 

r (m) 

r'(m) 

Grazing angle (0
) 

Clear aperture (mm2) 

Thickness (mm) 

(horiz) 

Flat 

Elliptical cyl 

4 

0.1 

1.6 
60x25 

3 

Min-max bending radius (m) 4.5, 9.7 

Achieved rms slope error 2 

before bending (!Jf) 

Achieved finish (Arms) 3.0 

Measured x-ray spot size 1.0 

FWHM (Jlm) 

Material 17-4 PH 

(vert) 

Flat 

Elliptical cyl 

3.88 

0.22 

1.6 
110x38 

6.7 

10,20 

3 

4.0 

1.2 

17-4 PH 

stainless steel stainless steel 

Polisher 

Attachments 

Special challenges 

Dallas Optical 

Systems 

Nut and bolt 

Extreme 

Dallas Optical 

Systems 

Nut and bolt 

PEEM 

CONDENSER 
7 .3.3 IJ·XRD 

CONDENSER (vert) 

Flat Cylinder, radius Flat 

Elliptical cyl 

20 

1.85 

2.5 
1010x100 

15 

49, 107 

87.1 mm 

Toroid 

16 

16 

0.31 

600 

32 

2963 

3 (60% aperture) 1.0 

14 (100% aperture) 

7 7.2 

30 (100% aperture) 50 

Mild steel (1006) Silicon 

Boeing North 

American 

Nut and bolt 

Frank Cook 

Glue 

A void tension, Figure accuracy 

Cubic cyl 

30.6 

0.5 

0.33 
163x42 

9.52 

130,211 

1.4 

<1 

0.8 

ULE 

General Optics 

Glue 

curvature large size 

*See section 11.3 for comments on the ultimate performance of this mirror 

IJ-XRD 
(horiz) 

Flat 

Elliptical cyl 

31 

0.1 

0.33 
40x10 

4 

28,40 

0.6 

5 

0.4* 

ULE 

Boeing North 

American 

Glue 

Figure accuracy 
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