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HIGH RESOLUTION, LARGE THROUGH-PUT X-RAY MICROSCOPES 
FOR TARGET DIAGNOSTICS 

H. J. Boyle 

Simple, four channel, grazing incidence, Baez-Kirkpatrik x-ray reflection 
microscopes presently used at Livermore, function with a magnification 
of 3 and a spatial resolution of o, 5 um associated with the orthogonal mirror 
design. The next generation of high power (> 1 TW), high compression 

p (03 ^ .3 gm/cm ) laser fusion experiments will require improved spatial 
(< 1 um) and temporal (̂  1 ps) resolution of the x-ray imaging diagnostics 
to resolve fundamental questions regarding the symmetry and compression 
characteristics of the implosion phase of spherical laser fusion targets. 

Axisymmetric x-ray microscope designs are theoretically capable of pro
viding such sub micron resolution over a several hundred micron field of 
view. Furthermore, the increase in collecting solid angle afforded by the 
axisymmetric design increases the sensitivity of large magnification systems 
without concurrent loss of resolution. These high magnification x-ray imaging 
systems will enable one to effectively couple the microscopes improved spatial 
resolution capability with the temporal characteristics of fast x-ray streak 
and framing cameras. In this manner, 1-D and 2-D time resolved x-ray emission 
data of laser fusion target implosion events will become available. 

The design of grazing incidence, axisymmetric x-ray microscopes is 
based upon the earlier work of Wolter who studied the reflective and 
focusing properties of coaxial, confocal conic sections. Wolter type 
x-ray imaging systems were first applied to the field of x-ray astronomy. 

Work performed under the auspices 
of the U.S. Energy Research & 
Development Administration under 
contract No. W-7405-Eng-48. 
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!n this case, paraxial x-rays from a distant source are imaged by two 
total reflections off a coaxial paraboloid-hyperboloid mirror pair. 
Angular resoltuions of several arc seconds have been demonstrated. 

The imaging principles of Wolter type x-ray microscopes are similar 
to those of the x-ray telescope when magnification and finite object distances 
are taken into account. Replacement of an ellipsoid reflecting surface for 
the paraboloid mirror section accomodates the imaging of objects located a 
finite distance from the instrument. Magnifications greater than unity are 
achieved by simply reversing the order of the mirror pair surfaces. The 
hyperboloid surface preceeds the ellipsoid reflecting surface for axisym-
metric x-ra.y microscopes. The imaging properties and design principles of 
this mirror pair combination are best illustrated in Figure 1. (Wolter Type 
I X-ray microscope schematic). 

X-rays from a point source located at the focus of the hyperboloid's 
negative branch, Fo„, and incident upon the fore hyperboloid surface, form 
a virtual image at the common focus of the hyperboloid-ellipsoid mirror 
pair, F „, F,E. The subsequent reflection from the aft ellipsoid surface 
re-images these rays in the conjugate focal plane of the ellipsoid, F„£. 
Appropriate aperturing and baffling are provided to screen radiation not 
incident upon the microscope mirror pair surfaces. 
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Design equations, whose input parameters may be expressed in terms of 

specific experimental requirements, are derived from a straightforward 
geometrical representation of the hyperboloid-ellipsoid mirror pair and 
the focusing properties of these conies. (Figure 2) The design equations 
are derived for the case of "balanced angles" in which the grazing incidence 
angles at each reflecting surface are approximately equal. This minimizes 
the total reflection losses and determines the dimensions and figure of 
the hyperboloid and ellipsoid surfaces when the object distance, D, magni
fication, M, grazing incidence angle, a, and subtended solid angle, a, of 
the instrument are specified. Only the length of the aft ellipsoid conic 
section remains undetermined and is subsequently calculated by requiring 
all the rays from the on-axis object point to experience a second reflection 
off the ellipsoid surface. The design equations for the hyperboloid-
ellipsoid axisymmetric x-ray microscope are summarized below (see Figure 3) 
where the nomenclature is in reference to Figure 2. 

Two specific design calculations have been considered to date. Because 
of the mechanical constraints imposed by the LLL laser fusion target chambers, 
microscopes are designed for object distances of 300 mm. The x-ray reflection 
properties of glass, nickel and gold surfaces for a grazing incidence angle, 
a, equal to 1° insure adequate spectral range coverage between 1 and 10 keV. 
Collecting solid angles are approximately 7000X greater than our present 
4-channel microscopes and insure appropriate sensitivity for the larcer 
magnification systems. 9X and 50X magnifications were chosen for the proto
type models, with the 50X design intended to interface with a fast x-ray 
streak camera. The calculated designs for these two microscopes are 
tabulated in Figure 4. 
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Figure 5 summarizes the results of a design study done under contract 

by the Perkin-Elmer Corporation investigating the off-axis resolution of 

this class of microscope. Geometrical aberrations limit the off-axis 

spatial resolution of the system since the diffraction limit at the x-ray 

wavelengths of interest is insignificant. The results of Monte Carlo ray 

tracing code calculations presented in Figure 5 indicate submicron spatial 

resolution over + 200 pm field of view. The theoretical resolution at 100 pm 

off-axis is calculated to be T- .1 pm. In practice, however, it is well 

recognized that the ultimate microscope resolution will be determined 

by manufacturing tolerances and mirror surface quality. The submicron 

resolution requirements demand local slope errors less than 2 p radians 
o 

and surface figuring within 100 A. Surface polishing techniques to 
o 

minimize the effect of x-ray scattering must produce < 50 A r.m.s. 
axisymmetric surfaces in order to approach the theoretical resolution. 

The image degradation due to the actual fabrication tolerances must be 

superimposed on Figure 5. 

Several prototype models of the 9X design have been fabricated 

in-house to evaluate micromachining techniques with respect to the manufacture 

of these high precision x-ray optics. The x-ray mirror pairs are fabrica

ted from cylindrical beryllium blanks whose interior surfaces have been 

electroplated with a copper substrate. The surface figure of the hyper-

boloid-ellipsoid mirror pair is machined into the substrate using a 

numerically controlled, single point, diamond turning machine. A several 

thousand angstrom coating of electroless nickel is plated upon the copper 
o 

and polished to better than 50 A ms. A photograph of one of the first 
9X, axisymmetric, x-ray mirror pairs is seen in Figure 6. To date, the 
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fabricated mirror pairs are characterized by roundness errors of better 
than 0.25 urn and surface contours (typical ones of which at various stages 

o 
of fabrication, are illustrated in Figure 7) within 500 A of ideal over 75% 
of the mirror surface. The well defined surface undulations evident in 
Figure 7 are systematic of our present diamond turning facility and 
attempts are underway to numerically program out this waviness in order 
to more closely approach the theoretical contours. In addition, the first 
mirror pairs are presently undergoing initial x-ray calibrations to 
evaluate their imaging and scattering properties. 



IsS WOLTER TYPE I X-RAY MICROSCOPE SCHEMATIC 
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Figure 1 



HYPERSOLOfD/ELLIPSOID X-RAY MICROSCOPE GEOMETRY M 
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Figure 2 



HYPEBB0L01D/ELLIPS0ID X-RAY MiCRQSCOPE DESiGiM EQUATIONS [Jj 
Mirror radii 

Fore hyperboloid radius 

Common hyperboloid/ 
ellipsoid radius — 

Aft ellipsoid radius — 

- R, = [(eg 1) < x i - a H e H > 2 - a -A"2 

H J | 
x, = f, (D, M, «, R) 

R, = 
IV. 

2 M + 1 

- | 1 / 2 

x 3 = f 3 ( D , M,a,J2) 

sin (4a) 

- , , 1 / 2 

Mirror lengths 

Hyperboloid length - L H = D + 2a H e H - i^ (D. M, a, £2) 

L E = f 3 ( D . M , a , Sl)-D-2aHeH) Ellipsoid length — 

Conic parameters 

Hyperboloid 
a H = 1/2(WH - W) 

Ellipsoid 
a £ = 1/2(WH + W E ) 

e H = (W H cos p - W cos 0 H )/(WH - W) e E = <WH cos 0 + W E cos p E )/{WH + VVE) 

Figure 3 



3X AND 50X HYPERBOLOID/ELLIPSOID X-RAY MICROSCOPE 
DESIGN PARAMETERS 3 

SI 

Grazing incidence angle = 1.0° 
Objact distance = 300 mm 
Subtended soiid angia = 4.2 x 10""4 str. 

9X Design 
Hypsrboloid Ellipsoid 

E0X Dssign 
Hyperboioid Eiiipscid 

Fore radius, [mm] 
Aft radius, [mm] 
Length, [mm] 

18.09 
18.S7 
17.17 

18.87 
mes 
18.1 i 

1S.75 
20.55 
15.82 

20.53 
20.03 
15.70 

a (mapr semi 
diameter} [mm] 

e (eccentricity) 
187.76 

1.000878 
1690.72 

0.999903 
156.32 

1.0C1 149 
7824.27 

0.999977 

Figure 4 



6X WOLTER MICROSCOPE RESOLUTION VS OFF-AXIS OBJECT 
POSITION 
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Figure 5 
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L3 9X AXISYMMETRIC X-RAY MICROSCOPE SAGITTAL DEPTH CONTOURS 
11-4-75 
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Figure 7 


