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ABSTRACT

Sagittal focusing of undulator radiation is shown to be compatible with the proposed inclined double-crystal
monochromator geometry for heat load reduction. The focusing aberrations are found to be negligible for typical
undulator-beam divergences over a range of magnifications from 1:2 to 6:1 and energies from 3 to 40 keV. The inclined
geometry reduces the required sagittal curvature of the focusing crystal compared to focusing with conventional
symmetric crystals; hence, focusing is possible at higher X-ray energies and with less anticlastic bending. In addition,
anticlastic stiffening ribs project a smaller footprint to the beam so that the achievable focal spot size is potentially better
than with conventional symmetrically cut crystals.

1. INTRODUCTION

Third-generation synchrotron-radiation x-ray sources are designed to allow the utilization of high-brilliance insertion
devices which generate X-ray beams with a combination of high total power approaching 10 KW and high power
densities near 300 KW/mradV The first optical element which intercepts the insertion device radiation must survive
the incident power load with sufficient crystalline perfection to preserve the beam brilliance and yet reduce the thermal
load on downstream optical components.

Several approaches have been
suggested to handle the high power
loads on monochromator crystals.14

O n e p r o p o s a l s u g g e s t e d
independently by Khounsarp and by
Hrdy* is to use a double-crystal
monochromator with the crystal
surfaces inclined with respect to the
Bragg planes as shown in Fig. la.
This is essentially a new class of
crystal monochromator, although
elements of this design have been
previously described.7 An inclined
crystal has its surface cut at an
angle, 8c with respect to the Bragg
planes, as shown in Fig. la. As 6C
approaches 90 •, this geometry
spreads the footprint of the beam to
distribute the heat load. The
inclined crystal is distinguished from an asymmetric crystal by the orientation of the surface with respect to the scattering
plane, which contains the central rays and the normal (N) of the Bragg planes, Fig. lb. With the inclined geometry, Fig.
la, the surface is tilted relative to the Bragg planes about an axis which is defined by the intersection of the scattering
plane and a Bragg plane. In the asymmetric geometry, Fig. lb, the surface is tilted about an axis which is perpendicular
to the scattering plane. In dynamical diffraction theory, the inclined crystal is a symmetric crystal and has the same
rocking curve width as a conventional symmetric crystal (Fig. lc).

A. INCLINED B. ASYMMETRIC C SYMMETRIC

Fig.l. Inclined, asymmetric, and conventional symmetric Bragg reflection
geometries. The Bragg angle from the crystal planes is 6,. The cut angle off the
symmetric surface for the inclined crystal is 8c.
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The primary motivation for using inclined crystals is to distribute the heat load over a larger surface area than with
a conventional symmetric crystal having the same 2d spacing. Asymmetric crystals can be used to distribute the heat
load, but their useful energy range is more restricted than with inclined crystals. In addition, the orientation of the
surface in the inclined-crystal geometry helps reduce slope errors in the scattering plane arising from thermal gradients.5

The beam intercept on an inclined crystal depends on the Bragg angle, O* the cut angle, 6 O and the incident beam
height and width. For a beam with height, H, and width, W, the area projected on a inclined crystal is given by

Area - , *" a . (1)

The intercept area is spread out over an elongated parallelogram which also enhances the heat removal.5 The diffracted
beam from a first-inclined crystal can be recollected by a second matched inclined crystal and phase space emittancc is
preserved.

The inclined double-crystal monochromator not only distributes the thermal load over a larger area, but has a
geometry which reduces thermally induced slope errors for diffraction. In the conventional symmetric geometry, thermal
gradients tend to be perpendicular to the surface and, hence, to the Bragg planes. This causes a bowing of the diffracting
planes. Such a curvature reduces the scattered intensity and contributes to sagittal defocusing.

Bragg reflection optics are particularly sensitive to slope errors in the scattering plane, which limit the
monochromaticity from a single crystal or reduce the efficiency through a two-crystal monochromator. In the inclined
geometry, the thermal gradient tends again to be normal to the crystal surface which is at an angle, do to the Bragg
plane normal. As 6C approaches 90°, the component of the thermally induced curvature in the scattering plane
decreases.5 Because of the thermal advantages offered by the inclined geometry, it is useful to explore the application
of sagittal crystal focusing with the inclined crystal geometry.

Sagittal-crystal focusing has proven to be a powerful technique for efficiently focusing the large-divergence beams
from bending magnet and wiggler sources.' Compared with focusing from specular-reflecting mirrors, an order of
magnitude larger divergence can be focused, and there is an order of magnitude less mixing of the horizontal into the
vertical divergence than with sagittal-focusing specular-reflecting optics.* Several synchrotron beamUnes have
incorporated the sagittal-crystal focusing design with good results.1*14

The advantages of sagittal-crystal focusing for an undulator source are not as obvious as for wide-divergence sources.
Undulator radiation is distinguished by its small divergences which allow minors of modest length to intercept the beam
and focus with small theoretical aberrations. Because of typically large distances required by shield wall restrictions, and
high source brilliance, the actual construction of source limited optics will be difficult Surface figure and roughness
tolerances must exceed those of existing synchrotron radiation beamlines. For example, figure errors <1 arc sec and
surface roughness <4 A are needed to preserve source brilliance. Sagittal-focused crystals have the advantage that they
are inherently insensitive to surface roughness as they depend on reflections from the atomically smooth Bragg planes.
The small divergence undulator beams also simplify crystal focusing; even a simple cylindrical curvature can efficiently
focus over a wide range of magnifications." This reduces the complexity required for bending to small figure errors over
large divergences.* Sagittal focusing is an attractive method for focusing undulator horizontal divergences. We show
that the adoption of inclined-crystal geometry is compatible with the use of sagittal focusing. A conservative approach
is to use an inclined double-crystal monochromator followed by a conventional symmetric double-crystal monochromator
with sagittal focusing. This has the complication of a second monochromator but the simplicity of using familiar
techniques. A more direct method described here is to bead the second inclined crystal to a simple cylinder for '."filial
focusing. This approach is considered in detail. We show that not only are sagittal and inclined geometries compatible,
but that the inclined geometry has some definite advantages for sagittal focusing.



2. SAGITTAL-FOCUSING THEORY

The radius of curvature, R,, for a symmetric sagittal-focusing crystal or for a specular reflecting mirror with a source
distance, F,, and an image distance, F^ is given by,

(2)

Fig. 2. Focusing by bending the second crystal of a double
inclined-crystal monochromator. The distance X denotes
the horizontal displacement from the plane of the central
ray.

cose.
In the inclined geometry, the reflecting surface of the
sagittal-focusing element is tilted by AY/AX
~X/(cos0cRtodiOe<i) with respect to the reflecting surface
which intercepts the central ray. As shown in Fig. 2, X is
the horizontal displacement from the central ray.

The Bragg plane tilt is out of the scattering plane and
for small scattering angles, 6B) causes the beam to be
deflected by A f - •2Xsinda/(RkxlkM/xx6c). This deflection
is perpendicular to the scattering plane. A ray with initial
horizontal divergence, f, strikes the crystal at horizontal
displacement X » F,* which is projected as F,t/cosec

along the crystal surface. The deflection is proportional
to the horizontal displacement as in an ideal thin lens.
Crystals are highly efficient bandpass filters, but the
bandpass is sensitive to the incident angle and crystal
perfection. For efficient diffraction by a curved second
crystal following a flat first-crystal intercepting a large
divergence in the sagittal plane, the second crystal must be
bent to a cone15 or to a cylinder with a magnification (M)
near 1/3.' For small divergences from unduiator sources
the angular errors associated with the use of a cylindrical bend for all magnifications are shown to be negligibly small.

If an inclined plate is bent as in Fig. 2, the Bragg planes are tilted with respect to the planes at the intercept of the
central ray. As with symmetric focusing, the tilt of the Bragg planes is nearly proportional to the horizontal
displacement from the central ray. With the inclined-crystal geometry the beam is spread over a larger surface area of
the crystal. To achieve the same tilt dependence on X, the radius R ^ ^ is larger than the symmetric ndius, Rs, by
cos6 c

l . For 6C near 80* the inclined-crystal radius Ri^*^, is about four times larger than for sagittal focusing in the
symmetrical case. The larger beam intercept also requires a larger inclined sagittal crystal. Since the radius scales as
hv"\ the inclined geometry will allow focusing at higher energies before approaching the fracture limit of a curved
crystal. Because of the large object distances, F,, required by shield wall restrictions at 3rd generation synchrotron
radiation facilities, the larger R^^, will permit sagittal focusing to X-ray energies of 60 keV with crystals several
millimeters thick. Another important advantage of the larger R^*^ of the inclined design is a lower resolved anticlastic
bending moment when compared with conventional symmetric crystal focusing. Anticlastic bending induces curvature
in the scattering plane. Since anticlastic bending is the main technical impediment to sagittal crystal focusing, a more
complete discussion of this effect is given.

As shown in Fig. 3t an unsupported plate, which is bent for sagittal focusing, experiences anticlastic bending to
preserve volume. The transverse curvature, RA, of a thin plate (thickness << radius of curvature) is related to the
intended radius, Rs, by RA = Rs/o.1* Curvature in the scattering plane reduces the throughput The slope errors scale
linearly with distance and inversely with radius (slope error » x/R,*). When the slope error exceeds the Darwin width,
transmission is small. With symmetrical crystal focusing, the anticlastic bending is restricted by stiffening ribs designed
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Fig. 3. Anticlastic bending of an unsupported Fig. 4. (a) Typical ribbed crystal to stiffen against
plate showing a bend radius, R,, and a anticlastic bending; (b) Laue topograph of 60 keV
compensating anticlastic bending radius, RA, X rays reflected off a curved second-ribbed crystal
to preserve local volume. of a two-crystal monochromator.

to increase the plate stiffness in the diffraction plane. Ribs of proper design can reduce anticlastic bending to acceptable
levels (Fig. 4a).

The Berg-Barrett or Laue topograph of Fig. 4b reveals the nonuniformity of 60 keV X-ray reflectivity from a
symmetrical sagittal-focusing crystal bent to a 1-m radius in a two-crystal monochromator. The (Hi ) cut crystal was
curved to focus 20 keV X rays and 60 keV X ray were obtained in the 3rd order (333) reflection. At 60 keV the
sagittally bent crystal is very sensitive to distortions as the Darwin width is only 0.2 arc sec For this measurement, F,
= 11 m, and the magnification was 1. The data were taken with a low Z filter to eliminate the 20 keV X rays.
Nonuniformities in the Bragg planes of the crystal produce a complex spatial distribution of reflectivity. This distribution
arises from the anticlastic bending forces which are opposed by the stiffening ribs. The alternating light and dark stripes
result from crystal buckling between the stiffening ribs. The measured transmission of 60 keV X rays through the two-
crystal pair is extremely sensitive to angular misalignment caused by the anticlastic buckling. The observed pattern
indicates a maximum slope error which we estimate to be on the order of 0.5 arc sec Such a small maximum slope error
would have a negligible effect on the transmission of 20 keV X rays from Si (111) (Darwin width - 3 arc sec).
Measurements of rocking-curve widths are consistent with the small observed buckling.

For source-limited focusing, the acceptable vertical slope error, Ay, should be such that for a magnification, M, the
beam deflection, 2MF,A, , is small compared to the geometrically demagnifted beam size 2Mor Here, a, is the vertical
RMS source size. For the Advanced Photon Source (APS) with Fj - 35 m and with 2o - 0.17 mm, the vertical slope
errors should be less than 0.5 arc sec This anticlastic bending limit will be reached at a sagittal radius of 1 m (60 keV)
for a symmetric sagittal-focusing crystal with stiffening ribs at 15 mm spacings (as shown in Fig. 4).

Although stiffening ribs are needed to restrict anticlastic bending, they limit the image size since the ideal curvature
is approximated by a series of bent (between ribs) and unbent (beneath ribs) segments. In a design currently in use,1*



ribs 0.5 mm thick are spaced with a center-to-cenler distance of 2.5 mm. The radius of curvature between the ribs is
- 4/5 the ideal average radius, R,, for sagittal focusing. At a magnification of M, the 2 mm's of beam intercepted
between the ribs is overfocused with a local magnification of M* - 4M/(5+M). The 0.5 mm wide beam intercepted
under the ribs passes a deflected but unfocused segment of the divergence which has a size of 0.5 mm time, (1 + M)
at the image. Therefore 80% of the beam is overfocused, and 20% of the beam is underfocused. The achievable
horizontal focus, independent of source size is - 0.5 mm x (1. + M) with the current design.

With the inclined design, the projected length of the crystal segments is reduced by cos8c- For Bc of 85 •, the
achievable horizontal focus is improved by an order of magnitude. The inclined geometry also reduces the resolved
bending moment in the diffraction plane. The anticlastic bending moment in the dispersion plane is reduced by the
larger curvature and by an additional geometrical factor of cos0c (Fig. 2). The net bending moment in the dispersion
plane is reduced by cos8c

:.

3. RAY TRACING

The performance of an ideal sagittal-focusing inclined-crystal monochromator was estimated from a series of ray
tracing calculations performed for a variety of energies, magnifications and inclined angles. The vertical and horizontal
source size and divergences are taken from the estimated values for a type A undulator at the APS (o, - 0.308 mm, ox*
- 0.024 mrad, a, - 0.085 mm, oy' ~ 0.009 mrad). Our calculations are for a double-crystal Si,,, inclined monochromator
with sagittal focusing followed by a cylindricaUy bent vertical focusing (meridional plane) specular-reflection mirror
(Fig. 5). This three-component optical arrangement achieves a doubly-focused fixed-exit X-ray beam with a minimum
of optical elements. This arrangement also allows for a rapid change of the minor critical angle for harmonic rejection.
The source-to-image distance was held fixed at 70M; the nominal distance to the end station. Various magnifications
are achieved by changing the ratio of F, to Ft The vertically focusing mirror is downstream of the monochromator to
reduce heat loading and is modeled 1 m away. Figure 6, ray-tracing results for 1000 rays, gives the image spot size
compared to the source size at a magnification of 1 and 1/6 with 6C of 85 • and with an X-ray energy of 10 keV. This
performance is typical of the behavior over a wide range of magnifications, X-ray energies, and cut angles, 0^ As can
be seen, the ray tracing shows little to no aberrations.

HORIZONTAL
FOCUSING CRYSTAL

HEAT LOAD
CRYSTAL VERTICAL FOCUSING

MIRROR

Fig. 5. Ray trace model for estimating the performance of a sagittally focusing inclined monochromator. The source
to 2nd crystal distance is Fi the second crystal to image distance is F2 (F, + F2 = 70 m).

In Fig. 7 the ray-trace image area is compared with the geometrically demagnifjed image area as a function of
magnification and cut angle. The ray-traced image area is estimated from the product of the RMS vertical and
horizontal image dimensions. The X-ray energy is 10 keV and 6, is varied from 0 to 85*. At the extreme angle of 6C

= 85°, aberrations introduced by the sagittal-focusing crystal begin to dominate the image size for demagnifications of
more than 10:1. The predicted aberration is due to a degradation of the vertical phase space ellipse due to the strong
variation of the surface spacing between the first and curved crystal as a function of X, (Fig. 2). In Fig. 8 the



JO"1 -

Fig. 6. Intercept of ray trace rays as the source plane, Fig. 7. Comparison of geometrically demagnified source size
and at the image plane for magnifications of 1 and 6:1. to the ray trace image size as a function of magnification and
In these examples 1000 rays are traced, and the cut angle. At a cut angle of 0° the aberrations are less than
reflectivity predicted is similar to that of two flat at the extreme cut angle of 85".
crystals. 004

003 •
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mm
Fig. 8. Comparison of vertical phase space before and after the 10 keV beam intercepts a horizontally focusing curved
inclined crystal bent for a demagnification of 16.5:1. The increase of vertical emittance limits efficient demagnification.



vertical phase space is shown before and after the beam is reflected from an inclined sagittally focusing crystal at a large
demagnification of 16.5:1. The degradation of the phase space can be seen to arise primarily from spatial displacement
of the rays.

We have shown that the inclined geometry is compatible with sagittal focusing and offers some important advantages
for precise imaging of the small-divergence beams from an undulator. The anticlastic bending moment can be reduced
by orders of magnitude with the inclined geometry. The projected width of anticlasiic bending ribs is also less by cosS^
To obtain the performance predicted by our model ray-tracing program, we are required to perform precise bending of
the crystal. Our experience has shown that the usual crystal bending schemes are less precise when the bending radius
is very large. We believe that the advantages of sagittal focusing will lead to the development of precise methods of
controlling the curvature of crystals in the large bending radius region.
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