REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 71, NUMBER 7 JULY 2000

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 1¢ 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. @000 American Institute of Physics.
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I. INTRODUCTION x-ray energy a®,~0.06F,., and the evanescent wave pen-
etrates~15-60 A for =3 mrad anchv=5-20 keV (Fig.

With the recent availability of high-brilliance third- 2} High reflectivity is therefore achieved <20 keV and

generation synchrotron sources, there is an immediate ne ) . : .
for efficient x-ray microfocusing optics. Efforts are currently 6<0.003 rad. For x-ray m|crod|ffract|_orf25 keVis a use-
underway to produce microfocusing optics by a variety ofUl UPPer energy and therefore Pd with a K-absorption edge
means including tapered capillaries, Bragg—Fresnel optic&t 24-35 keV is an excellent surface material.
Fresnel Zone plates, compound refractive lenses and A Major obstacle to the use of K—B mirrors is the need
Kirkpatrick—Baez(K—B) mirrors! Total external specular- t0 create elliptical surfaces with x-ray quality figure and
reflecting(K—B) mirrors are particularly attractive for micro- roughness. Surface figure perfection is required to focus X
focusing broad bandpass or tunable radiation since they af@ys to a small focal spot. Surface roughness perfection is
inherently nondispersive. K—B optics utilize two concaverequired to prevent diffuse scattering of x rays. For microfo-
mirrors at glancing angle to collect and focus x rays in bothcus mirrors, submicroradian figure perfection and surface
vertical and horizontal axiéFig. 1). K—B mirrors were pio-  roughness of less than3 A is desirablé.
neered in the late 1940%hut are being revolutionized by Advances in mirror manufacturing have recently made it
modern materials and processing methods. possible to fabricate x-ray mirrors with a few angstroms
In the x-ray regime, K—B optics can be made from total-root-mean-squaréms) roughness and with submicroradian
external-reflection mirrors, multilayer mirrors or a combina- deviations from ideal spherical or flat figure. However, no
tion of total-external and multilayer mirrofsTotal external  known technique exists for polishing elliptical mirrors to
reflection x-ray optics are efficient x-ray analogs to total in-y_ray quality surface roughness. As a result, sophisticated
ternal reflection optics commonly used with visible light. hending techniques are used to shape x-ray quality flats to
However, at x-ray wavelengths the index of refraction ofg|jinses®® These methods have successfully produced sub-
materials is less than 1 and the deviation from unity iSpicron x-ray beams, but are sensitive to the bender adjust-
roughly proportional to the electron density ment, are difficult to cool, and are bulky compared to mono-
n~1-6+iB. (1) lithic mirrors. Because of their additional bulk, benders
become increasingly less attractive with stronger demagnifi-
Here 1- 4 is the real and 8 is the imaginary index of cation(decreased focal length
refraction. In the hard x-ray regimei~10 °-10 6. Be- In this article we describe a new approach for the pro-
causen<1 x rays bend away from the normal when enteringduction of elliptical K—B mirrors. With this approach, an
dense materials whereas visible light bends toward the noiltrasmooth Au layer is differentially deposited on a cylin-
mal. Nearly 100% specular reflectivity occurs when thegdrical substrate to modify the cylinder to an ellipse. This
glancing angleg, is below a so-called critical angl& . For  approach was first suggested by @il and is similar to
a dense metal like palladium, the critical angle depends ogy, milling modification of mirror figure which has been
used to perfect the figure of high-performance astronomical
¥Electronic mail: icege@oml.gov laser and x-ray mirror8.
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FIG. 3. Figure for an ideal ellipse compared to its cylindrical approxima-
tion. The deposition profile transforms the cylindrical approximation into
the ideal ellipse. The values shown are F~35 m, andé=0.003 rad.

on the required geometrical demagnification with-aB0 m
object distance K,), Eqg. (2) places a limit on the vertical
and horizontal acceptancey? and 2y, that can be focused
FIG. 1. K—B focusing scheme. The crossed mirrors focus the x-ray beam ilpy meridional-focusing cylindrical mirrors to submicron di-
orthogona_l d_irect_ions. The object_ and image distances are IaE@Ied”sz mensions. For one micron focusing, the horizontal accep-
ars1d are distinguished for the primary and secondary mirrors by"act tance 2y,<0.86 urad (26 um at 30 m from sourde In the
' vertical direction submicron focusing with cylindrical optics

requires that %,<1.6 wrad (49 um at 30 m from the
source. Hence, with cylindrical or spherical optics, submi-
cron focusing at 3 mrad glancing angle is only practical with

At large demagpnifications elliptical optics are essentialan ~1.3x10° um? beam (gain ~1.3x10%. In contrast,
for efficient focusing and preservation of beam brilliancewith elliptical mirrors and the same object distance and mag-
(photons/s/eViirad®/ um?).  For example, Howells and nification, a practical K—B mirror system with less than 0.5
Hasting§ have considered the case of microfocusing withx 0.5 um? beam can be fabricated with a collection of
cylindrical optics. They show that spherical aberrations~2 5x10* um? (gain ~10°).
cause a point source to be imaged into a blur in the scattering The deposition profile required to modify a cylindrical
plane with dimensions determined by the distance to thenirror into an elliptical mirror is easily determined from the
source,Fy, the opening angle, 2 of the intercepted radia- ideal surface figure of a focusing ellipse and the figure of the
tion and the magnificatioriyi: cylindrical approximation. For example, in Fig. 3 we plot the

o 2 surface profile of an ideal ellipse with;=30 m,F,=0.06

Yspnerica 3F1(1+M)77/aM 6. @ m, and #=0.003. This profile is compared with the profile
At the Advanced Photon Sour¢APS), the type A undula-  for its cylindrical approximation. The difference between the
tors have typical full width at half maximutFWHM) hori-  two profiles is also plotted in Fig. 3, offset by Oum. This
zontal and vertical source sizes ©f720x65 um?.*°Based  deposition profile will modify the cylindrical approximation
and turn it into an ideal elliptical surface.

Il. FIGURE MODIFICATION FROM SPHERICAL TO
ELLIPTICAL

Palladium For a real mirror, the deposition process can also be used
AAA) SRR RAAR] RARRS REARS REARE AN ! to correct small deviations from the nominal cylindrical fig-
C ] ure. For example as shown in Fig.(dottom ling, the de-
0.8 0.8 . . . .
C . viations of a typical 90 mm long substrate from its design
[ - ] cylindrical approximation are on the order o8 urad with a
0.6 Fuse 0.6 . e .
£ =5 rms slope error of 1.7urad. The long period deviations in
04l B 31 0.4 slope can be correcteiop curve with the potential of re-
' : T ] ducing the residual rms slope errors to less thands as
oob = 102 shown.
il \ 3
0:..-| paaa iy -’.‘;?‘Tﬂ'-..--—-»:
Ill. FABRICATION AND ALIGNMENT TOLERANCES
5 10 15 20 25 30 35 40
E(kev) A. Surface roughness

FIG. 2. Reflectivity and penetration depth of x rays from Pd as a function of Short-length-scale variations from an ideal mirror sur-

energy at 3 mrad glancing angle. The beam penetrates only about 15-50 [CE are rEferre_d to as “syr_face r‘?Ughness-” The S_Uﬁace
into the Pd surface below 20 keV. roughness required for efficient mirrors can be estimated

Downloaded 22 Jun 2001 to 164.54.156.59. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Elliptical x-ray mirrors 2637

Deviations from cylinder 0.001 1T
1108 F ]
0.0005 f Slope /4
51070 [..oa_A ANAS M AAAA"VA'AA. A 2 E 1
2 bl A A AR LA | 8 E 100 x slopé djj#rence 3
a - Fesnma —ee
5 s OF hmm— = .
© E 3
o /\/\»\’ F ]
oba 4 A L z
7 \j V\: 00005000 0 0 0 Uy 0 1]
-0.02 -0.01 0 0.01 0.02
meters
510 FIG. 5. Comparison of the slopes for elliptical mirrors with identical image

0 30 60 90 distances and angléE,=0.06 m,6=0.003), but with different object dis-
tancesF; =10 and 30 m. The difference is shown multiplied by a factor of
100 for clarity.

FIG. 4. Bottom curve shows residual slope errors in a nominal 90 mm long

cylindrical mirror. If the low frequency slope errors are removed, the high 5y ar 5 small region, but deviates as the useful aperture of the

frequency slope errors have a much lower rms deviation from an ideaP . . !

cylinder (top curve displaced by &rad). mirror increases. FoF; large compared t&, the local ra-
dius is approximated bR=2F; sin §; hence, the object dis-

from the fraction of the reflected power contained in the!aNce has only a secondary impact on the figure. For ex-

geometrical image. The total intensity into the geometricallyfamplfe’ the |de§I slopes for tW,O eII_|pt|ca.I mirrors  with
demagpnified beam is approximated by identical properties except for their object distan¢es and

30 m) are compared in Fig. 5.
—4mhog
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D. Image distance
Here o is the rms surface roughness below spatial frequen-  whereas the object distance can be easily adjusted, the
cies of ~1 cm and® is the mirror anglé. For 90% power image distance must be held to tolerances of less than about
into the geometrical image and with=3 mrad, the surface 204 As shown in Fig. 6, an error of 2 mm in the image
roughness below 1 cm must satisby< 8.6\(A).With a  distance for a nominal 60 mm focal length miri@%) re-
typical operational energy of 20 keV this correspondsr{o  stricts the useful aperture of the mirror to about 75% of the
<5(A). range necessary to collea 1 mrad focused beam.

B. Surface figure E. Scattering angle

Long-length-scale deviations from an ideal mirror sur-

¢ o referred t fiqure errors. The required surf The angular precision with which the mirrors must be
ace are reterred 1o as figure €rrors. he required su acgdjusted can be estimated from the mirror aperture and the
figure precision can also be set by a simple estimate. Imag

Fesired spot size. For example, a typical microfocusing mir-
blgr due to the slope errors depends on the focal Ie_ngth of thFor with 100 um aperture and a goal of less than Q51
mirror and the rms slope errorb=2F,04 whereoy is the

. . o
rms slope error. For a focal length of 0.13 m, and a desire(gnage’ must control the focal distance to 0.5%: &S mrad

. . lancing angle this correspondstdl5 urad. If the aperture
:mz fglg al:[?aortrosrlzgfgleesiltgar,l\lOJLtceE "téh';;ﬁgf;p:ngivﬁl\i is smaller, than the angular precision can be relaxed whereas
op prad. O : . larger aperture increases the required angular precision.
Gaussian focus below 0/m requires a submicroradian rms
slope errors for this focal length. For shorter focal length

i . : . ' 2mm (3% ini dist
optics(i.e., horizontal K—B mirroy, the required figure per- 210°® mm (3%) error in image distance

fection is relaxed. \ /
-6
C. Object distance m1'5 10
c
One concern with a monolithic focusing system is that % .
the device may only be useable on a particular beamline. We g1
note that an ideal microfocusing elliptical mirror works well L% \
over a wide range of object distances. Locally the radius of 5107
curvature is given by \\ /
2FF, | 0
R=-—=——=-=siné. (4) -0.02 -0.01 0 0.01 0.02

Position in meters
HereF, is the ObJECt dIStanCGF'Z Is the image distance, FIG. 6. Deviation between an ideal elliptical surface with 62 and 60 mm

an_d ¢'is the mirro'_' angle. As shown in Fig. 3, a I_Ocal Cyli_n' focal length and a nominal 3 mrad glancing angle. Note that the angle is
drical approximation matches the slope of the ideal ellipsedjusted slightly to minimize the deviations.
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1% is required to achieve a 100—200 nm image at the design

=)
© TTT T T T T T[T T T T T I T T[T T T T[T IART[TTTTTT . ) )
=S §E 1.160;I1radr ' I ' ' I ' focal length. After deposition, the mirrors were again mea-
2 = sured with the APS long trace profiléfig. 7). Small smooth

o 2 errors in deposition can be compensated by fitting the mea-
& cenfer-focus'= 136:12 mm sured slopes to a general elliptical figure to determine the
o) 200 mirror angle = 3.03 mrad . . :
g best fit mirror angle and focal length. The mirrors can then
9 9 be mounted at focal lengths corresponding to their best fit
200 positions.

We note that repeated depositions can be used to refine
the surface figure and remove residual errors. For example,
two depositions within~10% of the design deposition can in

position fmm) principle be used to achieve the desired 1% figure deposition
The rms deviaton flom the ideal eliptical Tt gnoring the it 10 mm of the. 2CCuraCY:
mireror is about lurad. The deviationp;rom the%deal gllipse is even less over _ The S'°F’es from a typical deposition are compared in
smaller regions of the mirror. Fig. 7 to an ideal elliptical surface. Note that the edge effect
over the first few millimeters of the mirrors can be corrected
by more precise control of the sputter gun and the carriage.

-400

-40 -20 0 20 40

IV. MIRROR SUBSTRATE, DEPOSITION METHOD,

AND METROLOGY
V. OTHER CONSIDERATIONS

The mirror s_ubstrates were prepa_red at Be_a_mline Techy |ntermediate slits
nology CorporatiofBTC) and differential depositions were
performed in a dedicated differential deposition chamber. ~ Slits can be used to relax the required geometrical de-
Sma” u|trasmooth Spherica' mirrors were prepared by p0|magniﬁcation When image Size iS more important than ﬂUX.
ishing a large prediced Si plate. The large Si plate was diFor example, a slit between the object and the mirrors re-
vided into smaller mirror blanks by nearly cutting through Stricts the beam divergence and can also act as a new effec-
the plate. The cuts were filled with hard wax and then thdive object. If the ratio of the slit size to its effective object
entire plate was optically and superpolished to achieve théistance is less than the ratio of the actual source size to its
desired spherical radius and surface roughness. By polishirPiect distance, then the geometrical demagnification is im-
a large plate, round-off errors at the edges of the individuaProved by the slit. For example, ray tracing predicts that
mirrors were minimized. After superpolishing, the mirrors Submicron focusing is possible with an720 um source and
were separated and measured with a long-trace prsiite, for F1=40 andF,=0.06 m. With the addition of a 10Am
e.g., Fig. 4. The long-trace profiler measurements were perslit, 10 m upstream of the mirror pair, the predicted focal

formed at the APS metrology laboratory where the estimate§POtS size improves to 0.2am. This predicted improvement
measurement uncertainty s0.25 urad ! can be understood in terms of focusing from the slit itself.

The differential deposition required to turn each cylin- Although the effective object distance is shorter, the effec-
drical mirror into an ellipse was calculated from the theoret-tive object size is much smaller which allows for smaller
ical elliptical and measured cylindrical slopes. Differential final image size.
deposition was performed at BTC in a specially designed 1.5
m linear ultrahigh vacuum coater. Studies at BTC indicateB. Windows and scattering sources
that W|th_proper care, and for-1 A rms roughness sub- Windows and other scattering sources increase the beam
strates, f|Ims. as th'Ck.aS Am can be deposited before a oitance and degrade focusing performance by shortening
me"?‘s.”.rab'? Increase n sulrface rOL_Jghness can be. detect object distance and by increasing the effective object
An initial binder coat of Cr is deposited. The mirror is then size. The number of windows should therefore be restricted,
pas_sed under a sputter sourcgand the squter source power|s, they should be polished to minimize scattefifi@r ex-
varied ,dePeF‘d'”g on the p05|t|qn of the mirror. The Spuuerample, experience on the UNICAT beamline 33-ID and other
power1s I'm'F?d to a small fraction of its range to ensure 3eamlines has shown that the removal of graphite filters can
Im_ear deposition versus power dependeqce. For th_e K_E%eatly improved x-ray imaging with microfocusing optics.
MIITOTS as many as 300 passes are required to achieve %%e measurements reported in this article were performed
de_swed elliptical f|gure. Because the overa_ll mirror angle_ Swith a standard APS graphite thermal filter associated with a
adqutable, there is freeq_o m to.cho.ose .e'.th?r a depositiog, ¢jeq commissioning window. It is anticipated that focal
profile where the dep03|t|ogra<_j|.ent IS ”.“”'m'zed at the . spot size and efficiency can be improved by removing this
center of the mirror, or a deposition profile where the max"conditioning window.
mum depositiordepthis minimized. Better performance re-
sults with minimized gradient at the center of the mirror. _ .

The required perfection of the deposition can be esti-C' Scattering angle variation
mated from Eq.(2); the actual blur is proportional to the Strongly demagnifying K—B mirrors include a signifi-
fractional deposition error times the uncorrected blur pre-cant variation in the x-ray scattering angle from one end of
dicted by Eq.(2). Typically a deposition perfection of better the mirror to the other. For x-ray microdiffraction it is useful
than 5% is essential for high performance. A perfection ofto limit the beam divergence to less thari mrad. This sets
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a limit on the scattering angle variation to about 0.5 mrad & 1
from one end of the mirror to the other. Hence, a mirror with 2 04 - 04
a nominal scattering angle of 3 mrad has a scattering angle of 5 c FWHM (um) ] o

.75 mrad on one end of the mirror and a scattering angle of 5 F L BFETEN=0.53 ; =
3.25 mrad on the other end of the mirror. This small varia- 5 0.2 100 €
tion in the scattering angle causes a gradient in the critical % E . £
energy from one end of the mirror to the other with a total £ Ol 3 e
range of~18-21 keV. E

6970  -6960  -6950  -6940  -6930
VI. EXPERIMENTAL RESULTS vedicallheight; {micren)
An x-ray microfocusing system based on differentially
deposited mirrors has been fabricated and tested on the 2 0.4 3 06
MHATT-Cat beamline 7-ID at the APS. The source isan 5 [ PR (i) Jo04 o
. . s 03F .—Gaussian=0.46 E g

APS type A undulator with source parameters described pre- £ 2 Lorentzian=0.37 Jo2 X
viously. The system used a 90 mm long primary mirror for ; 02 3 0.0 é
focusing in the vertical plane and a 40 mm long secondary 2 c 402 2
mirror for focusing in the horizontaking) plane. An L5 slit £ o - 4-04
at 27 m was used to control the total power in the beam and ESSRRN snbuis il Lt 06

to restrict the source size. The geometrically demagnified 1820 1810 -1800 1790 1780

beams should have a FWHM of less than 0<ZB22 in the tpiEontE! posifions (uicen)
vertical and horizontal directions. However, slope errors addf!G. 8. Measured upper limit to the horizontal and vertical focal spot size.

. : . : _ In these measurements the spot size is determined by taking the derivative
an additional blumng of about O.G(S'ertlcaDXO.S (honzon (Gaussiap of the transmitted intensitysquare waverecorded as a 2Zm

tal) for 1 urad slope errors. Adding in quadrature the slop€giameter Au coated Pt wire is passed in front of the beam. The actual focus
error blurring to the geometrical image we predict an images in fact slightly smaller than the measured due to edge effects at the wire.

size of 0.67 verticakk 0.38 horizontal for lurad slope errors.
The measured image size is in good agreement with thi@CKNOWLEDGMENTS
estimate and indicates that somewhat better thaprdd
slope errors are present for these mirrors. For best perfor-
mance, only a fraction of the total mirror acceptance can b&
used because the deposition process is not yet precise enodé
over the entire mirror. With a 5050 wm? entrance aperture,
beams as small as 9.5 um? have been measured. Ex-
ample beam profiles are shown in Figéa)8and &b).
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