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A total-reflecting mirror of 120-cm length was designed and built to focus
synchrotron radiation emanating from the electron-positron storage ring at the
Stanford Linear Accelerator Center (SPEAR). The reflecting surface is of
unpolished float glass. The bending and tilt mechanism allows very fine control
of the curvature and selectability of the critical angle for wavelengths ranging
from 0.5 to 3.0 A. Elliptical curvature is used to minimize aberrations. The
mirror is placed asymmetrically onto the ellipse so as to achieve a tenfold
demagnification of the source. The bending mechanism reduces nonelastic
deformation (flow) and minimizes strains and stresses in the glass despite its
length. Special design features assure stability of the focused image. The mirror
reduces the intensity of shorter wavelength harmonics by a factor of

approximately 100.

INTRODUCTION

The total-reflecting mirror described in this paper is
used in conjunction with a logarithmic-spiral, crystal
monochromator developed recently by Webb.! The sys-
tem is used to focus x rays emitted from a storage-
ring beam to a 0.5 X 0.5-mm? area and to select any
desired wavelength within the range of 0.5 to 3 A. It
has now been in use for almost a year at the Stanford
Linear Accelerator Center to study biologically im-
portant structures by x-ray diffraction.?

The mirror focuses the x-ray beam in one direction
(in our case, vertically) and deflects it onto the silicon
single crystal,! which in turn focuses in a direction per-
pendicular to the first one (in our case, horizontally).
The advantage of using a mirror rather than another
crystal in front of the monochromator is that it reduces
harmonics and subharmonics. In the synchrotron beam,
these are highly intense. The (111) planes of a silicon
crystal will diffract A and Y3\ simultaneously as has
been demonstrated clearly by some of our colleagues,?
who used our system both with and without the mirror.
The specific characteristics of the x-ray beam emanating
from the synchrotron storage ring and its bearing on
the basics of our focusing system have been described
in a separate paper.?

DESIGN CRITERIA

The essential design criteria for our total-reflecting
mirror are:

(1) The flux from the synchrotron source is to be
utilized as fully as is practicable because high
intensity of the focused beam is crucial for our
experiments.

(2) The x-ray beam should be demagnified as far as is
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feasible in order to attain high resolution in
small-angle diffraction with photographic record-
ing and to keep exposure times within reason-
able limits when small specimens are to be used.

(3) The mirror should cause a minimum of aber-
rations.

(4) The curvature of a mirror of the length needed
must not depend on bending moments applied
to the ends, if nonelastic deformation (flow) is
to be avoided. The method of bending applied
by Webb! to the monochromator crystal cannot
be used here because of the mirror’s own weight.

(5) The mirror-to-focus distance must be variable.

(6) Radiation damage of the mirror material (en-
countered in pilot experiments) must be mini-
mized.

(7) Complete remote control is imperative because
of the hazardous nature of the synchrotron
beam.

(8) The mirror and bending device has to stay clear
of the part of the synchrotron beam that is
used by other research groups; only about 3.5 cm
of the total 15-cm width is used by us.

The primary x-ray beam at our disposal is currently
7 mm high and 3.5 cm wide, but variations occur as
has been discussed recently.? To intercept the entire
height at the angle of total reflection (14 arcmin) re-
quires a length of 200 cm. The longest mirror at our
disposal is 120 cm, providing an entrance aperture of
120 x sin(14’) ~5 mm. Thus, 2 mm of the beam height
is still not utilized.

Obviously, the mirror is to be placed so as to de-
flect vertically as otherwise it would be troublesome to
handle the length required to fuifill condition (1) even
approximately.
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X-RAY SOURCE MIRROR

FiG. 1. Diagram of the elliptical focusing geometry. Lettering is ex-
plained in the Appendix.

CURVATURE OF THE MIRROR

To fulfill the condition of true point-to-point focusing,
the mirror is curved to an ellipse in such a way that
the x-ray source is located at one focus and its image
at the other (Fig. 1). The demagnification of the source
is determined by the ratio of the mirror-to-image dis-
tance (m in Fig. 1, here 160 c¢cm) to the mirror-to-
source distance (/ in Fig. 1, here 1670 cm), which
is roughly one to ten in our application.

The curvature was calculated in terms of the distance
between any given point on the mirror surface and a
plane tangent to the mirror surface at the center of
the mirror (Figs. 1 and 2). This plane represents the
surface of a flat granite plate which will be described
later. The essential details of the calculations are
given in the Appendix. Figure 2 shows three pro-
files of the mirror thus obtained, each for a different
mirror-to-image distance, which is equivalent to the
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Fig. 2. Three profiles calculated for the mirror relative to the

granite surface plate for mirror-to-focus distances of 200 cm (solid
line), 250 cm (broken line), and 300 ¢m (dotted line).
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specimen-to-film distance in our application. It is seen
that the ends of the 120-cm-long mirror will have to be
lowered by about 0.01 cm if the mirror-to-image dis-
tance is changed from 200 to 300 cm. A change of the
mirror-to-source distance from 1370 to 1970 cm requires
a correction of only 0.001 cm at the ends. This
feature is explained by the large eccentricity of the
ellipse and the fact that the mirror is very close to one
end of the major axis.

SELECTION OF MIRROR MATERIAL

Various materials were tested for suitability as re-
flectors by exposure for extended periods of time to
the highly intense synchrotron radiation. The critical
angle of total reflection for nickel, platinum, and gold
is approximately twice that for glass,* thus reducing
the required length of the mirror to one-half. Unfor-
tunately, coatings of these metals on glass did not
withstand the radiation for long, but were either stripped
or badly roughened. The most suitable material tested
was float glass. It can be obtained at moderate cost,
and selected pieces can be found with a surface smooth-
ness comparable to that of the best polished surfaces.’

The sheet of float glass used is 0.5 cm thick, 30 cm
wide, 120 cm long, and unpolished. It was selected from
a batch of 30 pieces kindly donated to us by the Libby
Owens Ford Company. The company halted the glass-
making process until the pieces were cut out from the
center of a continuous ribbon before passing through a
varnishing process. The glass was handled by the edges
with utmost care and placed in crates especially designed
so as to avoid any contact with the reflecting surfaces.

In the preparation of float glass the melt is ‘‘floated”’
over molten tin in an inert atmosphere and cooled.
The surface may show long-term undulations so as to
necessitate special selection. Our test was performed
by means of an optical flat, while the sheet of float
glass rested on a granite surface plate. The piece
selected showed no granularity within each inter-
ference ring (“‘orange peel’’). Some high and low spots
producing 50 or more fringes were observed approxi-
mately 40 cm apart. This sort of ripple might defocus
the beam by #0.01 cm (see later). Prior to final in-
stallation at SPEAR, the glass was washed with soapy
water, ethanol, distilled water, and then dried under
a jet of nitrogen gas.

Fic. 3. End view of the focusing-mirror assembly. The glass mirror
C is supported across its width by eight triple-wedge shims D resting
on a granite surface plate E. The mirror is held against each shim
by a 2.3-kg lead block B. A micrometer screw A driven by a
stepping motor changes the height of each shim. XXX denotes the
area illuminated by the x-ray beam.
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Fi1G. 4. Schematic of the adjustable triple-wedge shim. The height
H changes by 0.010 cm per 2.54-cm travel of the central wedge.
An adjustment of 0.0025 cm on the micrometer changes the height
by 107 cm. The upper wedge is supported by a single ball race
and adjusts itself to the curvature of the mirror as shown to the
right.

BENDING MECHANISM AND SUPPORT

The prerequisites for production of a sharp and
stable image are: (a) very fine control of the curvature,
and (b) rigidity of the support.

The sheet of float glass described in the preceding
section rests on eight triple-wedge shims of adjustable
height and is held down on these by eight lead weights,
one above each shim. Figure 3 shows an end view of
the system. One shim is shown schematically in Fig. 4.
It consists of three wedges, each one manufactured
of 440 C stainless steel which was hardened and pre-
cision ground so as to assure a flatness and paral-
lelism of the assembly to within *0.0005 cm. It is
seen that the bottom wedge has two ball races, whereas
the top wedge has only one. Thus, it adjusts itself to
the curvature of the mirror. The height A (Fig. 4) of
each shim changes by 0.010 cm per 2.54 cm travel of
the central wedge. An adjustment of 0.0025 cm on the
micrometer screw changes the height by 107° cm. Since
the float glass is not fastened to the shims but only rests
on these under the weight of the eight lead blocks,
minimal strains or stresses occur in it when it is bent.

The height of the top surface of any one shim, once set
to its appropriate value, must be held constant relative
to the others within a very small margin, as can be under-
stood from the preceding section and Fig. 2; the heights
of adjacent shims differ by less than 0.02 cm in most
cases. Thus, the supporting plate must be extremely
rigid and stable. We used a granite surface plate of
the size 20 cm X 30 cm X 122 ¢m, having a flatness of
+0.00127 cm.®

The positions of the surface plate E, the triple-wedge
shims D, the float glass C, and the lead weights B
relative to each other are shown in Fig. 3. It is seen
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that each lead block B is shorter than the width of the
float glass so as to avoid interference with the x-ray
beam which illuminates an approximately 3.5-cm width
of the mirror. The remaining 11.5-cm width of the 15-
cm-wide (and 7-mm-high) synchrotron photon beam
used by other research groups passes unaltered to the
right of the mirror.

The approximately 225-kg weight of the granite block
is supported by a welded steel structure. Lever arms,
wheels, and rails incorporated in the structure pro-
vide x, y, and z translation of the surface plate and
a continuously variable tilt.

Because of radiation hazards, direct access to the
mirror is prohibited when the storage ring is in opera-
tion. Each of the eight micrometers (A in Fig. 3) is
driven by a remotely controlled stepping motor while
its scale is read via a television camera. The sideways
translation, height adjustment, and tilt of the surface
plate are likewise controlled remotely via stepping
motors, while scale readings are performed via a tele-
vision camera.

ALIGNMENT AND PERFORMANCE

Each shim height (H in Fig. 4) was preadjusted to
correspond to the calculated mirror curvature (Fig. 2 and
Appendix) using a dial indicator of 0.0025-cm sensitivity.
The flat and smooth granite surface served as refer-
ence for each measurement.

All subsequent alignments were done via the remotely
controlled stepping motors while viewing the x-ray
image produced on a Csl (T1) scintillation crystal’
through 61-cm-long fiber optics.

A series of photographs taken in the course of align-
ment is shown in Fig. 5. Each horizontal row repre-
sents a set of pictures of the focus as one wedge
is raised 200 steps at a time (corresponding to 0.125
mm). The eight rows correspond to the eight adjustable

Fi1G. 5. A series of photographs of the x-ray beam taken at the
focus. The beam was deflected away from the mirror by means of a
flat silicon crystal to render it accessible to the camera. The eight
rows correspond to the eight adjustable shims, beginning with the up-
stream shim at the top row. Each horizontally succeeding picture
was taken after one shim had been raised by 0.125 mm (200 steps
on the stepping motor). Each line in the fine structure arises from a
section of the mirror between two shims which reflects independently
of the other sections. Therefore, the height adjustment of an internal
shim affects both neighboring sections, and a shim on the end affects
only one end section.
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shims. Thus, there are eight independent foci. The origin
of each one was traced to a different part of the
mirror either by systematically varying the height of one
shim at the time or by shielding off a corresponding
part of the mirror. The final focusing was essentially
a process of superimposing the separate foci by ad-
justing the shims, starting at the center of the mirror
and working gradually toward the ends until the
image was 0.05 cm high and free from texture.

Refocusing is necessary when the critical angle of
reflection (tilt of the mirror and granite plate) is
changed so as to correspond to a significantly different
wavelength. This was experienced when changing from
1.38 A (K absorption edge of copper) to 1.74 A
(K absorption edge of iron). These two wavelengths
are needed for experiments involving anomalous
scattering.

The contribution to the overall intensity from each
part of the mirror was measured by selectively aper-
turing down different portions of the mirror. At present
about two-thirds of the mirror seem to be focusing
with reasonable efficiency (60%-70% reflectivity).

The contribution of shorter wavelength harmonics to
the monochromatized beam was measured with the use
of a scintillation counter and a series of aluminum
foils as absorbers. A plot of the intensity on a log
scale versus foil thickness, and extrapolation back to
zero thickness showed that the harmonics contributed
less than 0.1%.
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APPENDIX

The heights of several points on the mirror surface
were calculated relative to a plane tangent to the ellipse
and tilted at the critical angle (14') to the horizontal,
primary beam. The equation of the ellipse as referred
to this tangent is

(x cosw + ¥ — y sinw)?/a?

+ (x sinw + y cosw — §)?/b2 =1,
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wherex and y are the normal axes of the ellipse, parallel
to the major and minor axes of lengths a and b, respec-
tively; see also Fig. 1.

This equation has a solution,

| —|B|+ (B* - 4AC)™®
24

y

’

where

=1 — e? sin‘w,
=[— 2 sinw(l — ¢?)(x cosw + X)
+ 2 cosw(x sinw — 7)),
C = (xcosw + 1)%(1 — €?)
+ (x sinw — y)? — a?(1 — e?),

and
e = eccentricity of the ellipse,
x =1[cosl@ — ae,
y = [ siné,
w=14',

[ is the source-to-mirror distance = 1670 cm,
m is the mirror-to-focus distance, typically 160 cm,

and

# is the angle between the x-ray beam and the major
axis at the x-ray source.

Since the ellipse is highly eccentric, a =ae =~ ([ + m)/2
= 765 cm. Some calculated curves are shown in Fig. 2,
and discussed in the text.

* Contribution No. 5252 from the Division of Chemistry and
Chemical Engineering, California Institute of Technology. This
work was supported by the National Science Foundation under
Grants Nos. GP-38855X-2, GH-39525, the National Institutes
of Health, under Grants Nos. 21111-3 and GM-70469, the
U.S.-Japan Cooperative Science Program, and the U.K. Science
Research Council. Part of the support was also given by the
National Science Foundation Grant No. DMR73-07692 A02, in
cooperation with the Stanford Linear Accelerator Center and the
Energy Research and Development Administration.

* National Institutes of Health Postdoctoral Fellowship.

' N. G. Webb, Rev. Sci. Instrum. (in press).

2 N. G. Webb, S. Samson, R. M. Stroud, R. C. Gamble, and J. D.
Baldeschwieler (unpublished).

3J. C. Phillips, A. Wlodawer, M. M. Yevitz, and K. O. Hodgson,
Proc. Nat. Acad. Sci. USA 73, 128 (1975).

4 J. Witz, Acta Crystallogr. A25, 30 (1969).

> N. G. Webb, Ph.D. thesis, Department of Biophysics, King's
College, 26-29 Drury Lane, London, WC2, England. 1972.

6 Granite is one of the best stabilized materials at hand. Granite
surface plates are used in virtually any instrument shop, are
readily available in a variety of grades, and provide a flat, smooth,
and stable surface at moderate cost.

" The image produced in a thin crystal slice of CsI(T]) is superior
in resolution to that observed on a fluorescent screen. CsI(TI)
emits a longer wavelength than Nal(Tl), which is more favorable
to the phototropic eye response. Also, it is nonhygroscopic.

Synchrotron x-ray diffraction 839

Downloaded 08 Sep 2006 to 131.215.225.158. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



