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Elliptical x-ray microprobe mirrors by differential deposition
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A differential coating method is described for fabricating high-performance x-ray microfocusing
mirrors. With this method, the figure of ultrasmooth spherical mirrors can be modified to produce
elliptical surfaces with low roughness and low figure errors. Submicron focusing is demonstrated
with prototype mirrors. The differential deposition method creates stiff monolithic mirrors which are
compact, robust, and easy to cool and align. Prototype mirrors have demonstrated gains of more
than 104 in beam intensity while maintaining submilliradian divergence on the sample. This method
of producing elliptical mirrors is well matched to the requirements of an x-ray microdiffraction
Kirkpatrick–Baez focusing system. ©2000 American Institute of Physics.
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I. INTRODUCTION

With the recent availability of high-brilliance third
generation synchrotron sources, there is an immediate n
for efficient x-ray microfocusing optics. Efforts are current
underway to produce microfocusing optics by a variety
means including tapered capillaries, Bragg–Fresnel op
Fresnel Zone plates, compound refractive lenses
Kirkpatrick–Baez~K–B! mirrors.1 Total external specular
reflecting~K–B! mirrors are particularly attractive for micro
focusing broad bandpass or tunable radiation since they
inherently nondispersive. K–B optics utilize two conca
mirrors at glancing angle to collect and focus x rays in b
vertical and horizontal axis~Fig. 1!. K–B mirrors were pio-
neered in the late 1940’s,2 but are being revolutionized b
modern materials and processing methods.

In the x-ray regime, K–B optics can be made from tot
external-reflection mirrors, multilayer mirrors or a combin
tion of total-external and multilayer mirrors.3 Total external
reflection x-ray optics are efficient x-ray analogs to total
ternal reflection optics commonly used with visible ligh
However, at x-ray wavelengths the index of refraction
materials is less than 1 and the deviation from unity
roughly proportional to the electron density

n;12d1 ib. ~1!

Here 12d is the real andib is the imaginary index of
refraction. In the hard x-ray regime,d;1025– 1026. Be-
causen,1 x rays bend away from the normal when enteri
dense materials whereas visible light bends toward the
mal. Nearly 100% specular reflectivity occurs when t
glancing angle,u, is below a so-called critical angleuc . For
a dense metal like palladium, the critical angle depends

a!Electronic mail: icege@oml.gov
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x-ray energy asuc;0.06/EkeV and the evanescent wave pe
etrates;15–60 Å for u53 mrad andhn55 – 20 keV~Fig.
2!. High reflectivity is therefore achieved ifE,20 keV and
u,0.003 rad. For x-ray microdiffraction;25 keV is a use-
ful upper energy and therefore Pd with a K-absorption ed
at 24.35 keV is an excellent surface material.

A major obstacle to the use of K–B mirrors is the ne
to create elliptical surfaces with x-ray quality figure an
roughness. Surface figure perfection is required to focu
rays to a small focal spot. Surface roughness perfectio
required to prevent diffuse scattering of x rays. For micro
cus mirrors, submicroradian figure perfection and surfa
roughness of less than;3 Å is desirable.4

Advances in mirror manufacturing have recently made
possible to fabricate x-ray mirrors with a few angstrom
root-mean-square~rms! roughness and with submicroradia
deviations from ideal spherical or flat figure. However,
known technique exists for polishing elliptical mirrors
x-ray quality surface roughness. As a result, sophistica
bending techniques are used to shape x-ray quality flat
ellipses.5,6 These methods have successfully produced s
micron x-ray beams, but are sensitive to the bender adj
ment, are difficult to cool, and are bulky compared to mon
lithic mirrors. Because of their additional bulk, bende
become increasingly less attractive with stronger demag
cation ~decreased focal length!.

In this article we describe a new approach for the p
duction of elliptical K–B mirrors. With this approach, a
ultrasmooth Au layer is differentially deposited on a cyli
drical substrate to modify the cylinder to an ellipse. Th
approach was first suggested by Caiet al.7 and is similar to
ion milling modification of mirror figure which has bee
used to perfect the figure of high-performance astronom
laser and x-ray mirrors.8
5 © 2000 American Institute of Physics
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II. FIGURE MODIFICATION FROM SPHERICAL TO
ELLIPTICAL

At large demagnifications elliptical optics are essen
for efficient focusing and preservation of beam brillian
~photons/s/eV/mrad2/mm2). For example, Howells and
Hastings9 have considered the case of microfocusing w
cylindrical optics. They show that spherical aberratio
cause a point source to be imaged into a blur in the scatte
plane with dimensions determined by the distance to
source,F1 , the opening angle, 2g, of the intercepted radia
tion and the magnification,M:

YSpherical53F1~11M !g2/4Mu. ~2!

At the Advanced Photon Source~APS!, the type A undula-
tors have typical full width at half maximum~FWHM! hori-
zontal and vertical source sizes of;720365 mm2.10 Based

FIG. 1. K–B focusing scheme. The crossed mirrors focus the x-ray bea
orthogonal directions. The object and image distances are labeledF1 andF2

and are distinguished for the primary and secondary mirrors by a ‘‘p’’ or
‘‘ s.’’

FIG. 2. Reflectivity and penetration depth of x rays from Pd as a functio
energy at 3 mrad glancing angle. The beam penetrates only about 15–
into the Pd surface below 20 keV.
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on the required geometrical demagnification with an;30 m
object distance (F1), Eq. ~2! places a limit on the vertica
and horizontal acceptance 2gv and 2gh that can be focused
by meridional-focusing cylindrical mirrors to submicron d
mensions. For one micron focusing, the horizontal acc
tance 2gh,0.86 mrad ~26 mm at 30 m from source!. In the
vertical direction submicron focusing with cylindrical optic
requires that 2gv,1.6 mrad ~49 mm at 30 m from the
source!. Hence, with cylindrical or spherical optics, subm
cron focusing at 3 mrad glancing angle is only practical w
an ;1.33103 mm2 beam ~gain ;1.33103). In contrast,
with elliptical mirrors and the same object distance and m
nification, a practical K–B mirror system with less than 0
30.5 mm2 beam can be fabricated with a collection
;2.53104 mm2 ~gain ;105).

The deposition profile required to modify a cylindric
mirror into an elliptical mirror is easily determined from th
ideal surface figure of a focusing ellipse and the figure of
cylindrical approximation. For example, in Fig. 3 we plot th
surface profile of an ideal ellipse withF1530 m, F250.06
m, andu50.003. This profile is compared with the profi
for its cylindrical approximation. The difference between t
two profiles is also plotted in Fig. 3, offset by 0.7mm. This
deposition profile will modify the cylindrical approximatio
and turn it into an ideal elliptical surface.

For a real mirror, the deposition process can also be u
to correct small deviations from the nominal cylindrical fi
ure. For example as shown in Fig. 4~bottom line!, the de-
viations of a typical 90 mm long substrate from its desi
cylindrical approximation are on the order of63 mrad with a
rms slope error of 1.7mrad. The long period deviations in
slope can be corrected~top curve! with the potential of re-
ducing the residual rms slope errors to less than 0.5mrad as
shown.

III. FABRICATION AND ALIGNMENT TOLERANCES

A. Surface roughness

Short-length-scale variations from an ideal mirror su
face are referred to as ‘‘surface roughness.’’ The surf
roughness required for efficient mirrors can be estima

in

f
Å

FIG. 3. Figure for an ideal ellipse compared to its cylindrical approxim
tion. The deposition profile transforms the cylindrical approximation in
the ideal ellipse. The values shown are forF2;35 m, andu50.003 rad.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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from the fraction of the reflected power contained in t
geometrical image. The total intensity into the geometrica
demagnified beam is approximated by

I 5I 0 expS 24puss

l D 2

. ~3!

Heress is the rms surface roughness below spatial frequ
cies of ;1 cm andu is the mirror angle.4 For 90% power
into the geometrical image and withu53 mrad, the surface
roughness below 1 cm must satisfyss,8.6l(Å).With a
typical operational energy of 20 keV this corresponds toss

,5(Å).

B. Surface figure

Long-length-scale deviations from an ideal mirror su
face are referred to as figure errors. The required sur
figure precision can also be set by a simple estimate. Im
blur due to the slope errors depends on the focal length of
mirror and the rms slope errors;b52F2ss wheress is the
rms slope error. For a focal length of 0.13 m, and a des
rms focal-spot size of less than 0.5mm, this corresponds to a
rms slope error of;2 mrad. Note to achieve a FWHM
Gaussian focus below 0.5mm requires a submicroradian rm
slope errors for this focal length. For shorter focal leng
optics ~i.e., horizontal K–B mirror!, the required figure per
fection is relaxed.

C. Object distance

One concern with a monolithic focusing system is th
the device may only be useable on a particular beamline.
note that an ideal microfocusing elliptical mirror works we
over a wide range of object distances. Locally the radius
curvature is given by

R5
2F1F2

~F11F2!
sinu. ~4!

HereF1 is the object distance,F2 is the image distance
andu is the mirror angle. As shown in Fig. 3, a local cylin
drical approximation matches the slope of the ideal ellip

FIG. 4. Bottom curve shows residual slope errors in a nominal 90 mm l
cylindrical mirror. If the low frequency slope errors are removed, the h
frequency slope errors have a much lower rms deviation from an i
cylinder ~top curve displaced by 5mrad!.
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over a small region, but deviates as the useful aperture of
mirror increases. ForF1 large compared toF2 the local ra-
dius is approximated byR52F1 sinu; hence, the object dis
tance has only a secondary impact on the figure. For
ample, the ideal slopes for two elliptical mirrors wit
identical properties except for their object distances~10 and
30 m! are compared in Fig. 5.

D. Image distance

Whereas the object distance can be easily adjusted
image distance must be held to tolerances of less than a
2%. As shown in Fig. 6, an error of 2 mm in the imag
distance for a nominal 60 mm focal length mirror~3%! re-
stricts the useful aperture of the mirror to about 75% of
range necessary to collect a 1 mrad focused beam.

E. Scattering angle

The angular precision with which the mirrors must
adjusted can be estimated from the mirror aperture and
desired spot size. For example, a typical microfocusing m
ror with 100 mm aperture and a goal of less than 0.5mm
image, must control the focal distance to 0.5%. For a 3 mrad
glancing angle this corresponds to;15 mrad. If the aperture
is smaller, than the angular precision can be relaxed whe
larger aperture increases the required angular precision.

g

al

FIG. 5. Comparison of the slopes for elliptical mirrors with identical ima
distances and angles~F250.06 m,u50.003), but with different object dis-
tancesF1510 and 30 m. The difference is shown multiplied by a factor
100 for clarity.

FIG. 6. Deviation between an ideal elliptical surface with 62 and 60 m
focal length and a nominal 3 mrad glancing angle. Note that the ang
adjusted slightly to minimize the deviations.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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IV. MIRROR SUBSTRATE, DEPOSITION METHOD,
AND METROLOGY

The mirror substrates were prepared at Beamline Te
nology Corporation~BTC! and differential depositions wer
performed in a dedicated differential deposition chamb
Small ultrasmooth spherical mirrors were prepared by p
ishing a large prediced Si plate. The large Si plate was
vided into smaller mirror blanks by nearly cutting throug
the plate. The cuts were filled with hard wax and then
entire plate was optically and superpolished to achieve
desired spherical radius and surface roughness. By polis
a large plate, round-off errors at the edges of the individ
mirrors were minimized. After superpolishing, the mirro
were separated and measured with a long-trace profile~see,
e.g., Fig. 4!. The long-trace profiler measurements were p
formed at the APS metrology laboratory where the estima
measurement uncertainty is,0.25mrad.11

The differential deposition required to turn each cyli
drical mirror into an ellipse was calculated from the theor
ical elliptical and measured cylindrical slopes. Different
deposition was performed at BTC in a specially designed
m linear ultrahigh vacuum coater. Studies at BTC indic
that with proper care, and for;1 Å rms roughness sub
strates, films as thick as 3mm can be deposited before
measurable increase in surface roughness can be dete
An initial binder coat of Cr is deposited. The mirror is the
passed under a sputter source and the sputter source pow
varied depending on the position of the mirror. The spu
power is limited to a small fraction of its range to ensure
linear deposition versus power dependence. For the K
mirrors as many as 300 passes are required to achieve
desired elliptical figure. Because the overall mirror angle
adjustable, there is freedom to choose either a depos
profile where the depositiongradient is minimized at the
center of the mirror, or a deposition profile where the ma
mum depositiondepthis minimized. Better performance re
sults with minimized gradient at the center of the mirror.

The required perfection of the deposition can be e
mated from Eq.~2!; the actual blur is proportional to th
fractional deposition error times the uncorrected blur p
dicted by Eq.~2!. Typically a deposition perfection of bette
than 5% is essential for high performance. A perfection

FIG. 7. Comparison of the ideal and actual figure for an elliptical surfa
The rms deviation from the ideal elliptical fit ignoring the first 10 mm of t
mirror is about 1mrad. The deviation from the ideal ellipse is even less o
smaller regions of the mirror.
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1% is required to achieve a 100–200 nm image at the de
focal length. After deposition, the mirrors were again me
sured with the APS long trace profiler~Fig. 7!. Small smooth
errors in deposition can be compensated by fitting the m
sured slopes to a general elliptical figure to determine
best fit mirror angle and focal length. The mirrors can th
be mounted at focal lengths corresponding to their bes
positions.

We note that repeated depositions can be used to re
the surface figure and remove residual errors. For exam
two depositions within;10% of the design deposition can i
principle be used to achieve the desired 1% figure deposi
accuracy.

The slopes from a typical deposition are compared
Fig. 7 to an ideal elliptical surface. Note that the edge eff
over the first few millimeters of the mirrors can be correct
by more precise control of the sputter gun and the carria

V. OTHER CONSIDERATIONS

A. Intermediate slits

Slits can be used to relax the required geometrical
magnification when image size is more important than fl
For example, a slit between the object and the mirrors
stricts the beam divergence and can also act as a new e
tive object. If the ratio of the slit size to its effective obje
distance is less than the ratio of the actual source size t
object distance, then the geometrical demagnification is
proved by the slit. For example, ray tracing predicts th
submicron focusing is possible with an;720mm source and
for F1540 andF250.06 m. With the addition of a 100mm
slit, 10 m upstream of the mirror pair, the predicted foc
spots size improves to 0.25mm. This predicted improvemen
can be understood in terms of focusing from the slit itse
Although the effective object distance is shorter, the eff
tive object size is much smaller which allows for small
final image size.

B. Windows and scattering sources

Windows and other scattering sources increase the b
emittance and degrade focusing performance by shorte
the object distance and by increasing the effective ob
size. The number of windows should therefore be restric
and they should be polished to minimize scattering.1 For ex-
ample, experience on the UNICAT beamline 33-ID and oth
beamlines has shown that the removal of graphite filters
greatly improved x-ray imaging with microfocusing optics.12

The measurements reported in this article were perform
with a standard APS graphite thermal filter associated wit
so-called commissioning window. It is anticipated that foc
spot size and efficiency can be improved by removing t
conditioning window.

C. Scattering angle variation

Strongly demagnifying K–B mirrors include a signifi
cant variation in the x-ray scattering angle from one end
the mirror to the other. For x-ray microdiffraction it is usef
to limit the beam divergence to less than;1 mrad. This sets

.

r
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a limit on the scattering angle variation to about 0.5 mr
from one end of the mirror to the other. Hence, a mirror w
a nominal scattering angle of 3 mrad has a scattering ang
2.75 mrad on one end of the mirror and a scattering angl
3.25 mrad on the other end of the mirror. This small var
tion in the scattering angle causes a gradient in the crit
energy from one end of the mirror to the other with a to
range of;18–21 keV.

VI. EXPERIMENTAL RESULTS

An x-ray microfocusing system based on differentia
deposited mirrors has been fabricated and tested on
MHATT-Cat beamline 7-ID at the APS. The source is
APS type A undulator with source parameters described
viously. The system used a 90 mm long primary mirror
focusing in the vertical plane and a 40 mm long second
mirror for focusing in the horizontal~ring! plane. An L5 slit
at 27 m was used to control the total power in the beam
to restrict the source size. The geometrically demagni
beams should have a FWHM of less than 0.2330.22 in the
vertical and horizontal directions. However, slope errors a
an additional blurring of about 0.63~vertical!30.3 ~horizon-
tal! for 1 mrad slope errors. Adding in quadrature the slo
error blurring to the geometrical image we predict an ima
size of 0.67 vertical30.38 horizontal for 1mrad slope errors.
The measured image size is in good agreement with
estimate and indicates that somewhat better than 1mrad
slope errors are present for these mirrors. For best pe
mance, only a fraction of the total mirror acceptance can
used because the deposition process is not yet precise en
over the entire mirror. With a 50350 mm2 entrance aperture
beams as small as 0.430.5 mm2 have been measured. Ex
ample beam profiles are shown in Figs. 8~a! and 8~b!.

VII. DISCUSSION

As illustrated earlier, differential deposition can be us
to produce small monolithic elliptical mirrors for x-ray m
crofocusing. Prototype mirrors already work well and t
performance of future versions will continue to improve
the accuracy and precision of the deposition process
proves. With increased object distances, smaller focal len
designs and improved deposition precision, it appears p
tical to fabricate K–B optics with focal spots approachi
0.1 mm.

The implications of the differential deposition tec
niques illustrated in this article go beyond microfocusi
mirrors. In general, differential deposition offers a new
rection for improving figure errors in virtually all x-ray mir
rors. Although differential deposition was used to corre
spherical errors in K–B mirrors, it can also be used to
move polishing errors for flats, spheres, and a spherical
faces. Mirrors up to 1.5 m can be handled in the differen
deposition chamber used for these studies. BTC has dem
strated the use of differential deposition for refiguring lar
mirrors where figure errors approaching 1mrad have been
achieved. This new direction offers greater freedom in mir
design and fabrication.
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