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

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 (1) and by Wolter.(2) 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 guite small to obtain good resolution. 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 107 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) put this
discussion will be devoted to the general characteristics of Wolter systens and the applica-
bility of diamond-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 sufficiently 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 performaice 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)%/a% + (x2-y?) /b2 = 1 (1)

for the ellipsoid and

22/c? + (x%+y%y/a% =1 (2)

for the hyperboloid. 1Imposing the confocal condition gives

k = (a2-b4)% - (c2+ad)¥ (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 to 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
ellipsoid-hyperboloid interscction, R, and the object distance, dg. 3he image distance, dj,
is, then, given by

a = M4, (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 easily by equating Eq. (1] and (2) at

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

-+ -+ -» -+
cosei = Rl . n” / 'Rl' |nH' (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 65, 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 frequently
necessary to violate the Abbe condition. It has been Jound that differcnces 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 use,
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 cos8 distribution, 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

N SR S )
R oxh=fhyxn SRS

These equations can then be solved for §2' Although a closed form solution is possible to
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 second 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.

5ilk {®) 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 cm 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 compromise.
Using these parameters a system can be designed which has a field of view of ¢ 100 um. Sin-
usoidal errors have beon 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 sgin(2nz/) + ¢) (10)

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

Co2pe Cuté
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A6 = tand = (2wA/)) cosl(2xwe/x ¢ ¢). (11

The resolution is, again, given by tac product of object distanoe and slopo error, and this
error, approximately, adds in quadrature with the qaussian error described above. For a
wavelength of 1 mm an amplitude of 100 R or less i required for 1 oum resolution it o system
having an object distance of 2 em. It should be ohscerved that these tolerances are inverse-
ly proportionsl tu object Jdistance, and for distarces as larae as 30 cm it is pot clear that
eren the best hand finishing and tekting technigques will be adequate to achieve 1 um rosolu-
tion.

In the ray tracing calculations it is assumd chat all slopc crrors deflect the rays only
in the planc of incidencue. Because of the small qrazing anglen usud, this assumption should
bo well satisfied.

Alignment Toluranco

The alignment cf o Wolter system can be rather difficult. The field of view transverse
to the axis of symmetiy is, typically, 200 .m or morc, and, thus, although the alignment ac-
curacy must be * 10-20 .m, this accuracy has beenh routinely attained in current laser-fusiun
experiments.  In general, the pointing accuracy must be 30-50 urad indepcndent of focal
length. An accurute starting point can be found by observing visible light point source im-
ages from the hyperboloid and cllipasid at a puint out of *the focal plane, where the sur-
faces form rings of the same diamcter, The source lics on the axis when the circles are
concentric. Micro-machining the entirce microscope reduces the difficulty of this operat:on
becausc the surfaces are known to ho coaxial.

The majur problem in the alignment and use of the Wolter syetem, however, is the limited
depth of ficld. Simple geometric arguments show that the depth of ficld, 'z, of & micro-
scope {6 given by

b2 = g — (12)
l( qutqz‘)

where r is the resolution and 1 and @ are the grazing angles at the two surfaces. For
grazing angles of 1.5 dearcen afd u rc:gfutxvn of 1 .m, for example, the deopth of field is
approximately 10 .m, and 4 pogitioning crror less than = 5 um is required. This reguirement
is not absolute, howcver, but it is a constraint on the reproducibllity of target alignmen..
1f the taryet js displaccd by 100 .m, for example, in a particular case, and {f the detectour
is repositioncd for optimum focus, neither the faicld of vicw nor tho resolution changes.

The grazing an:le docs change, and the effect on the ref,ectivity must b2 considercd. For
calibrated opcration at photon cncvrgics such that the grazing angle is rear the critical
angle accurate aligament is required.

Dosign Example

Uaing the principles described above a particular system was designed. Beginning with
an object dJdistance of 1.2 em and a maanification of 10, the radius of the intersectiys wur-
facc was incrcascd until the grazing anagle at the hyperboloid rcached 1.8 degrecos. %he ra-
dius was 3.44 mm, a valuo large cnougyh for fabrication by micro-machining. A section of the
reflecting 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 mn. The aurfaces appoar as straight lines bocause the saq-
jttal depth s approximately 1 um. Fiqure 2 shows the ray jrattern at the image plance for a
point sourcc 50 .m off axis, and Fijure ) shows 3 simulatcd densitometer scan of the jmaae.
Noto that the maximum occurs at 247 um rather than 2% um (M = 10). This and the skewcd
image in the displacoment direction are in agrecement with Wolter. When a gaussian randon
error of 60 urad was included, the densitometer trace of Fiqure & was calculated. The
sharp central spike has a FWIM of 1 um (at the source), but the radius of the circle con-
taining half the cenergy is approximately 3 um. This choracteristic 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
1.97) cm
0.1400 cm

The goomctric solid anqle is 3.6 x 103 sr, but the effective apcrture for 6.18 ) X-TaYE in,
approximately, a factor of 4 smaller.

(13)
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rig. 1. Section of reflecting rgurfacens of Fig. 2. Image plane ray pattern of 3 puint
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fig. ). Simulatod densitoexwcier traco of the Fig. 4., ODensilomcter trace of the arrange-
ray pattern of Fig. 2. ment of Fig. 2 with a €0 urad randun
error.

ity

Tho system doscribed above was fabricated at Unlon Carbide's Y-12 plant, Oak Ridgo, Ten-
naspee. It war suggested Ly o Steger Lthat a mandr | be machined of aluminum and Lhat nick-
el bo elcctroplated on the mandrel. The mandral could then be diduolvod by Naol, It was
found by J. Arnald, however, that the mandrel could be extracted ecasnily by cooling thn an-
sembly 20-3)0°C bLeluw room temporature. The completed mivrror is shown In Figure 5.

D1 Cadt



Fig. 6. 1Imagce n»f USAF resolution
. chart (12.7 lp/mm) pro-
i - - duted in white liaght by
the gystem of Fig. 5.

Fig. 5. Micro-macnincd and replicated x-ray
microscupe. Material iv clectro-
platcd nickel,

Testing

No x-ray scasuromente have been done bhecause of the reeent completion of the fabrication.
Testas have been preformed using visible liydht sourcern, however, and a white light imaqe of a
standard USAF rekolution chart is chown in 1ig. 6. The cluscest spaced lines correapond to
12.7 lp/mm.  These and monechromstie point source meagurements indicate that the system 1S
diffraction limited in the vigible region and that no gross {abricaticn ervors cxist. The
x-ray performance cannot be predicted from this result, and x-ray measurcements are in prog-
TONS.

Conclusions

1t hag been shown that cfficiernt computer desior tools, which allow rapid and cffective
dasign of Wolter syiutems, can be constructed, and that such systeme can be fabricatcd by
micro-machining technigques., The x-ray respoase of these systems remaing to be dotermined
although visible 1ight tegtr are oncouraging. 1t gchould be noted that cven if hand polishi-
ing ia requirad, machining of thece surfaces will probably be cost effective because the cost
of the ayetem deucribed was approxamately onc purcent aof the cost of a hand-figurcd system.
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