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DESIGN OF X-RAY MICROSCOPES FOR LASER-FUSION APELICATIONS*

Gene H. McCall
University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Abstract

Design techniques for Wolter grazing incidence x-ray microscopes are discussed, and con-
siderations applicable to diamond point micro-machining fabrication are described. Also
preliminary results of tests on a micro-machined mandrel replicated system are presented.

Introduction

The design of grazing incidence x-ray microscopes has been discussed by Kirkpatrick and
Baez(l) and by wWolter.( ) Microscopes of the Kirkpatrick type have been used for laser-
produced plasma measurements, (3) but, although a microscope of this type is easy to fabri-
cate, the aperture must be quite small to obtain good resclution. The most common micro-
scope for laser target measurements is a simple pinhole camera which uses a 5 um pinhole to
provide a resolution of approximately 5 um with a solid angle of 3.5 x 10~7 sr, similar to
that of the Kirkpatrick instrument. Both the Kirkpatiick microscope and the pinhole camera
produce acceptable time-integrated exposures in current experiments, but th resolution is
inadequate for future experiments, and the sensitivity is marginal for time-resolved meas-
urements. The Wolter microscope, then, offers the best possibility for obtaining resolution
approaching 1 um with an aperture exceeding that of a pinhole camera by a factor of 100 or
more. A particular system of this type has been proposed by Chase and Silk, 4) pbut this
discussion will be devoted to the general characteristics of Wolter systems and the applica-
bility of dianond-point turning techniques to their fabrication.

Wolter showed analytically that grazing incidence, confocal hyperboloid-paraboloid sys-
tems which satisfy the Abbe sine condition at their intersection point are free of aberra-
tion for object points cufficiently close to the axis. For finite conjugates the confocal
hyperboloid-ellipsoid system satisfies the Wolter criteria. It will be shown that the Abbe
condition is nut a strong constraint because microscope performai.ce is limited by fabrica-
tion errors rather than aberrations.

Ray Tracing Principles

The equations of the surfaces of a Wolter system can be written as:

(z-k)2/a? + (x%+y%) /b2 = 1 (1)

for the ellipsoid and

2,2

22/¢? + (x%4ey?ysa? = 1 (2)

for the hyperboloid. 1Imposing the confocal condition gives

k = (a%-bH)% - (c24ad)® (3)

Other forms of these equations can be written5 to emphasize the relation to physical param-
eters such as focal length and magnification, but this form of the equations is efficient
for nu.erical ray tracing. As a design tool it is more convenient toc use a simple computer
code to determine a, b, ¢, and d, which are then used as input parameters for a ray-tracing
program.

In general, approximate relationships derived from Eq. (1), (2), and (3) are too crude to
be of use for accurate design. The physical characteristics of importance for the use and
design of a microscope are the magnification, M, the grazing angle, 0,, the radius at the
ellipsocid-hyperboloid intersection, R, and the object distance, d,. 3he image distance, dj.
is, then, given by

di =M do (4)

*Work performed under the auspices uf the U. S. Eneray Research and Development Administra-
tion.
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. [
A set of nonlinear algebraic equations can be derived ecasily by equating Eg. (1} and (2) at

the intersection surface, zj, to determine R, and observing that a ray vector, Ry, which
strikes the hyperboloid at the intersection has an angle of incidence given by

> > > >
cosé; = R, * n, / |R1| InHI (5)
wkore
6. = n/2 - 0 (6)

1 g
and ;H is the normal to the hyperboloid surface.

These equations can be solved self-consistently for a, b, ¢, and d. Since the x-ray re-
flectivity is determined by 85, the magnification is determined by detector resolution, and
the image distance is determined by experimental conditions or surface errors, specifying
the radius and imposing the Abbe condition over-determines the system. It is desirable to
make the radius as large as possible to make fabrication easier, and, thus, it is frecquently
necessary to violate the Abbe condition. It has been ound that differences of 20 percent
in the angles of incidence at the hyperboloid and the <llipsoid are of no consequence for
laser-fusion applications.

To serve as an effective design aid, a numerical ray tracing computer program must be
fast, interactive, and simple to use. Generalized ray-tracing codes are cumbersome to usec,
costly in computer time and unnecessary for this application. A Monte-Carlo code has becen
written for the CDC 7600 which generates raniom rays with a cos6 distributien, which is
truncated to slightly overfill the aperture of the optical system. Intersections of rays
with surface are solved exactly from the ray equation and Eq. (1) or Eq. (2), and reflccted
rays are calculated by observing that, for A the unit vector normal to the surface, R} the
unit incident ray vector, and Ry the unit reflected ray vector, at the reflection point

Ro-h=-Hk -0 )

-ﬁ >
lxn

ﬁz xn ' (8)

These equations can then be solved for ﬁz. Although a closed form solution is possible tn
obtain, the code solves the linear system directly to provide flexibility in including slope
errors. Because Eq. (7) and (8) determine the cosine and sine, respectively, of the angles
of incidence and reflection, a slope error can be included as a perturbation by adding a
small error to the reflected angle. The code requires approximately one sccond of computer
time for tracing 100 rays, including errors in slope and radius, stop intersections, wave-
length and angle dependence of reflectivity, and graphical and printed output.

Surface Errors

TQ% problem of determining errors for these systems has not been completely solved.

silk () has measured the spread in scattering angles from a micro-machined flat to be ap-
proximately 60 urad, but there is no assurance that this value can b? ?ttained for figured
surfaces. Scatter measurements have been made for x-ray telescopes, 5) but the figure re-
quirements are somewhat different for microscopes, and optical testing is difficult for
these smaller systems. For an average slope error, A8, it is found that the resolution, r,
is, approximately,

r = fer. (9)

Using Silk's scatter result, one can see that micro-machined surfaces limit f, to, approxi-
mately, 3 em for 2 um resolution. To avoid shadowing of the surface by tool marks the graz-
ing angle should be made as large as possible, and 1.7 dcgrees is a reasonable compromisea.
Using these parameters a system can be designed which has a field of view of ¢ 100 um. Sin-
usoidal errors have bean observed in micromachined surfaces, (7) and the ray tracing code
treats these by using the derivative to calculate a slope error. For a sinusoidal surface
variation with axial symmetry given by

AR = A sin(2nz/)A + ¢) (10)

where ) is the wavelength of the perturbation, and ¢ is a phase, which can be constant or
random, the slope error is given by

Cop)e Cut?
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A6 = tanh = (2%A/)\) cos(2nwx/> ¢ ¢). {11)

The resolution is, atain, given by tae product of object distanoe and slopo error, and this
crror, approximately, adds in quadraturce with the qaussian error described above. For a
wavelength of 1 mm an amplitude of 100 R or less i required for 1 zm resolution in o system
having an object distance of 2 em. Jt ghould b ohscrved that these tolerances are inverse-
ly proportional to object distance, and for distarces as larae asg 30 cm it is pot clear that
even the best hand finishing und tekting technigques will be adequate to achieve 1 um resalu-
tion.

In the ray tracing calculations it is assumd chat all slopc crrors deflecct the rays only
in the planc of incidence. HBecause of the small grazing angles used, this assumption should
bo well satisfied.

Alignment Tolceranco

The alignment cf o Wolter system can be rather difficult. The ficld of view transverse
to the axis of symmcetiy is, typically, 200 .m or morce, and, thuys, ajlthough the alignment ac-
curacy must be + 10-20 .m, this accuracy has beeh routinely attained in current laser-fusiun
experiments.  In general, the pointing accuracy must bo 30-50 urad indepcndent of focal
length. An accurdate starting point can be found by obscerving visible light point source ;m-
agues from the hypoerboloid and cllipasid at a puint out of *he focal plane, where the sur-
faces form rings of the vame diamcter., The gsource lics on the axis when the circles are
concentric. Micro-machining the entirce microscope reducus the difficulty of this operat:ion
becausc the surfacaes are known to he coaxial.

The majour problem in the aligrment and use of the Wolter syetem, however, is the limited
depth of ficld. Simple geometric arguments show that the depth of ficld, 2, of & micro-
scope {6 givea Oy

A2 = e r 1
* 2(‘69_1‘3?92)

where r is the resolution and * 1 and # arc the grazing angles at the two surfaces. For
grazing angles of 1.5 dcarcen afd o rc.gfutxvn of 1 .m, for cxample, the depth of field is
approximately 10 .m, and 4 positioning cvrror luess than * 5 .m is required. This regquirement
is not absolutce, however, but it is @ constraint on the reproducibility of target alignmen..
1f the tarycet is displaced by 100 .m, for example, in a particular case, and {f the detcctur
is repositioncd for optimum focus, neither the field of vicw nor the resolution changes.

The grazing am:le docs change, and the effect on the ref.ectivity must b2 considercd. For
calibrated opcration at photon encergics such that the grazing angle is rnear the critical
anglo accurate alignment is required.

Dosign Example

Uaing the principles described above a particular system was designed. Beginning with
an object distance of 3.2 em and a waanification of 10, the radius of the intersectiyy sur-
face was incrcascd until the grazing angle at the hyperboloid rcached 1.8 degrecos. %he ra-
dius was ).44 mm, a value large cnouyh for fabrication by micro-machining. A seoction of the
reflocting surfaces of the optical aystem is shown in Figure 1. The projection of the hy-
perboloid on the z-axis is 5 mm, and all rays from the hyperboluid strike the ollipsoid.
The ellipsoid projection is 5.8 mmn. The aurfaces appoar as straight lines bocause the saq-
jttal depth is approximately 1 um. Figure 2 shows the ray jrattern at the image planc for a
point sourcc 50 .m off axis, and Fijurc ) shows a simulated donsitometer sce&n of the imaac.
Noto that the maximum occura at 247 :m rather than 2%50 um (M = 10). This and the skewcd
image in the displacoement dircection arce {n agreement with Wolter. When a gaussian random
error of 60 .rad was included, the densitometer trace of Fiqure 4 was calculated. The
sharp centrul spike hns a FWiHM of 1 um (at the source), but the radius of the circle con-
taining half the cencrgy is approximately 3 um. This characteristic of thesc systom tends
to producc low accutance imaycs cven though poiht source measuromcnts give sharp images.
The paramcters of Eq. (4) and Fq. (2) for this system are

= 19.78 cm

0.4464 cm an
1.97) cm

= 0.1400 cm

The gaomectric solid anqle is 3.6 x 103 sr, but the effective apcrture for 6.18 | X-rays ims,
approximately, a factor of 4 smaller.
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Fabrication

Tho system doscribed above was fabricated at Unlon Carbides Y-12 plant, Oak Ridgo, Ten-
naspee. It was saggested by 10 Steger that a mandr | he machined of aluminum and that nick-
el bo elccetroplated nn the mandrel.  The mandral cauld then be didsolvad by Nadll. 1t was
found by J. Arnald, however, that the mandrel could be extracted ecasily by cooling tha an-
sombly 20-)0°C beluw rvom temporature. The completed mirror is shown in Figure 5.



Fig. 6. 1Imagce nf USAF resolution

_ chart (12.7 lp/mm) pro-

i - - - duted in white liaht by
the gystem of Fig. 5.

Fig. 5. Micro-maciincd and repiicated x-ray
microscup=c. Matcrial icv clectro-
plated nickel,

Testing

No x-ray &casursmente have been done because of the rceeent completion of the fabrication.
Testa have been prefermcd using visible light sourcern, however, and a white light imauc of a
standard UZAN rerolution chart s ghown in Vig. 6. The clusest spaced lines correspend to
12.7 lp/mm.  These ant mohcechromatte (oint source meayurements indicate that the system 18
diffraction limited in the vigible region and that no gross {abricaticn crrvors cxist. The
x-ray performance cannot be predicted from this result, and x-ray measurcments are in prog-
TOss.

Conclusions

It hag been shown that efficient computer desion tools, which allow rapid and effective
design of Wolter syttems, can be constructed, and that such systeme can be fabricatcd by
micro-machining technigques. The x-ray respoase of thesce symtems remaing to be doternined
although visible lighs tegtm are encouraging. 11U ghould be noted that cven if hand polish-
ing is requirad, mackining of theoe surfacee will probably be cost effective because the cost
of the myetem deucribed was approxamately one percent of the cost of a hand-figured system.
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