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2 {(a) Geometry of doubly focusing X-ray optic: F, source to optics
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angle 8. (b) Top view showing sagittal focusing with the characteristic
smile of the beam intercept on the curved surface. (c) Side view of
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CONICAL GEOMETRY FOR SAGITTAL FOCUSING AS APPLIED
TO X RAYS FROM SYNCHROTRONS"

G. E. Ice and C. J. Sparks
ABSTRACT

We describe a method for simultaneously focusing and monochromatization
of X rays from a fan of radiation having up to 15 mrad divergence in one dimension.
This geometry is well suited to synchrotron radiation sources at magnifications of
one-fifth to two and is efficient for X-ray energies between 3 and 40 keV (0.48 and
6.4 fJ). The method uses crystals bent to part of a cone for sagittal focusing and
allows for the collection of a larger divergence with less mixing of the horizontal
into the vertical divergence than is possible with X-ray mirrors. We describe the
geometry required to achieve the highest efficiency when a conical crystal follows
a flat crystal in a nondispersive two-crystal monochromator. At a magnification of
one-third, the geometry is identical to a cylindrical focusing design described
previously. A simple theoretical calculation is shown to agree well with ray-tracing
results. Minimum aberrations are observed at magnifications near one. Applications
of the conical focusing geometry to existing and future synchrotron radiation
facilities are discussed.

1. INTRODUCTION

Crystals are used to focus X-ray beams with large divergences.! Compared to total
external reflection mirrors, the scattering angles from crystals are larger which allows crystals
to collect larger divergences with smaller aberrations. The recent development of high-
brilliance (photons/sec/eV/mrad’’mm?) synchrotron sources has created the need for X-ray
optics that can monochromatize and focus over a wide energy range.*> Particularly critical

is the need for focusing X rays with energies above 10 keV (1.6 fJ). There are several

"Research performed in part at the Oak Ridge National Laboratory Beamline X-14 at
the National Synchrotron Light Source, Brookhaven National Laboratory, sponsored by the
Division of Materials Sciences and Division of Chemical Sciences, U.S. Department of
Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.



standard X-ray focusing schemes: separate function designs with mirror focusing and a

separate monochromator,® meridional focusing using Johann' or Johannson crystal optics,>”*

and sagittal focusing mosaic crystal optics.’

Each of these systems has limitations either in
angular acceptance, range of energy tunability, or ability to preserve beam brilliance.

Recently, a new class of energy-tunable focusing monochromators has been developed:
the sagittal-focusing, dynamically bent crystal monochromators.!®?* These monochromators
are similar to the Von Hamos X-ray spectrometer’ but are optimized to condense the
monochromatic fan of X rays produced by the reflection of synchrotron radiation from a flat
crystal. At magnifications (M) near one-third, a simple, cylindrically curved crystal was shown
to intercept a fan of radiation at a constant Bragg angle.® The cylindrical geometry allowed
the construction of a simple, nondispersive monochromator with focusing and wide-energy
tunability.!*13

Here we discuss the use of conical crystals to extend the magnification range and
improve the focusing efficiency compared to cylindrical crystals. Conical crystals provide for
intercepting larger divergences than cylindrical crystals, with higher efficiency, better focus,

14,15

and a range of magnifications from ~ 0.2 to 2. In comparison with a toroidal mirror,"*" a

conical crystal can intercept and focus a larger divergence and will introduce less mixing of

the horizontal divergence into the vertical divergence.'®11

In comparison with the
meridional Johann and Johannson geometries,>™® the sagittal-conical crystal is better
suited to tuning X-ray energy with fixed focus; it can be used with a first flat crystal to create
a nondispersive system. Sagittal focusing also better preserves the perfect crystal rocking
width; with meridional focusing, the crystal planes are also tilted in the diffraction plane and
an incident ray intercepts the Bragg planes at various angles depending on the depth of
penetration.!” A related effect due to changing d spacing in a sagittal-elastically bent crystal
is smaller by Poisson’s ratio.

To illustrate the design restrictions imposed by the two-crystal, non-dispersive geometry,
we briefly discuss the requirements for efficient diffraction of X rays. A crystal diffracts an
X-ray beam only within a narrow energy bandpass, dE. The wavelength, A, depends on the
crystal plane spacing, d, and the incident angle, 85, according to Bragg’s law: 2dsin8; = na.
The width of the energy bandpass depends on the perfection of the crystal and the scattering
strength of each plane. The intrinsic bandpass of a perfect crystal for o polarized radiation

(electric vector 1 to the scattering plane) can be estimated from



2
dB/E- 2 N|F|(2d) - 9.5%10% N(mm®)|F|(2d(om))? with N the number of unit
¥id

mc
cells/mm?®, |F| the unit cell structure factor in electron units, and 2d the usual Bragg plane

spacing in nanometers.”® For a nearly perfect Siy,, crystal reflection, the intrinsic bandpass
dE/E ~ 1.5x 10*. The corresponding angular (Darwin) width can be calculated from
A9 = tan®dE/E. At 10 keV (1.6 fJ) the Sij;; Darwin width is 0.03 mrad. An X-ray beam
diffracting from two or more crystals must satisfy Bragg’s law at each crystal for efficient
diffraction. Though the energy bandwidth passed by two crystals is restricted by the bandpass
of the first crystal, misalignment of the second crystal can lead to energy shifts in the intensity
maximum by reflection of the weak Lorentzian tail of the bandpass from the first crystal.

As shown in Fig. 1(a), each ray in a non-dispersive, two-crystal monochromator makes
the same Bragg angle at both crystals when the crystal planes are parallel. X rays diffracted
from the first crystal will then be diffracted from the second crystal. The exit beam is parallel
to the incident beam and can be held fixed in space as X-ray energy is tuned.” This
nondispersive geometry does not allow for crystal focusing in the meridional (scattering) plane
[Fig. 1(b)] except with graded d-spacing optics or for extremely small divergences. As
illustrated in Fig. 1(b), curvature of the first (or second) crystal in the scattering plane causes
a mismatch in the Bragg angles for rays with divergence, 8, from the central ray in the
meridional plane. The mismatch depends on the radius of curvature and on the magnitude
of 3. For synchrotron radiation with a vertical opening angle of about 0.2 mrad, only 2 to
10% of the vertical divergence can pass an M = 1 monochromator as illustrated in Fig. 1(b).
1t is for this reason that the second curved crystal must act as a flat crystal in the meridional
plane. Both cylindrical and conical crystals have this attribute as illustrated in Fig. 1(a).

Conical shapes have a practical advantage in that, like cylinders, they can be formed by
bending flat plates. This simplifies the fabrication of an energy-tunable, fixed-exit, two-crystal
monochromator such as demonstrated for the cylindrical curvature.!! The four-point-bending
scheme for creating cylindrical crystals can be used to create the slightly more complicated,
conical shapes.

The conical crystal geometry is especially well suited to intercepting and focusing the
10 to 15 mrad horizontal fans of radiation typical of synchrotron radiation. Considerations
of heat load, fixed focal spot, energy tunability, and divergence mixing dictate that the sagittal-
focusing crystal should follow (be downstream of) a flat crystal.
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Fig. 1. (a) Diagram of nondispersive X-ray optics with a source divergence &
in the scattering (meridional) plane. The central ray diffracts with Bragg angle 6 on
both parallel crystals. A ray with meridional divergence & from the central ray diffracts
with angle 8 + 3 on both crystals. The energy diffracted along the two ray paths differs
according to Braggs law. (b) A nondispersive arrangement with one crystal bent for
meridional focusing. With the first crystal bent to the Johann or Johannson geometry
for focusing, only the central ray makes the same Bragg angle on both crystals. The
magnitude of the angular difference between the Bragg angles on the first and second
crystal depends on the divergence from the central ray, 3, and the radius of curvature.



2. CRYSTAL VERSUS MIRROR FOCUSING

X rays are usually focused either with total-external reflection from super-polished
mirrors or by Bragg reflection from crystals.” For a given X-ray energy, E, total external
reflection occurs when the angle of reflection, 8, is less than a critical angle, 8.. The largest
critical angles are for heavy element-coated mirrors where 8.(rad)~0.08/E(keV) = 0.013/E(fJ).
In comparison, the Bragg angle, 85 for Sij;, is 25 times larger; 8~ 1.976/E(keV) =
0.316/E(fJ). If we ignore absorption of the radiation, total external reflection at fixed
scattering angle, eséc, allows glancing angle X-ray mirrors to act as low-pass X-ray filters;
they reflect X-ray energies below a cutoff. In comparison, crystals only reflect a narrow
energy band at Bragg scattering angles. With crystals, the diffracting Bragg planes need not
be parallel to the crystal surface, which offers an additional degree of freedom.

Geometries for focusing with either X-ray mirrors or crystals are similar and well
understood.! 3413202 A typical geometry is shown in Fig. 2. Curvature transverse to the
plane of scatter causes sagittal focusing [Fig. 2(a-c)]. Focusing in the plane of scatter is called
meridional focusing [Fig. 2(d)]. X rays can be doubly focused by a single optical element as
in Fig. 2 or by sequential focusing in perpendicular planes, e.g., Kirkpatrick-Baez” (KB).

A practical focusing design for 3 to 8 keV (0.5 to 1.3 {J) photons from a synchrotron
radiation source is a toroidal mirror as described by Howell and Horowitz!* and illustrated in

Fig. 2. Focus is achieved when the mirror curvatures are given by:

R = 2F,Fsind (1)
(F|+F)
and
2 F,F, R

= T @
F+F)sind  sin®®

Here Ry is the sagittal radius of curvature and R, is the meridional radius of curvature.
Besides converging the radiation toward the central ray, the mirror deflects the central ray by
an amount 26, absorbs X rays above the critical energy, and mixes horizontal divergence into
the vertical divergence [Fig. 2(c)]. As illustrated in Fig. 2, the minimum mirror size to

intercept radiation with a horizontal divergence, 24, and a vertical divergence, 28, is 2F,¢
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Fig. 2. (a) Geometry of doubly focusing X-ray optic: F, source to optics distance,
F, optic to image distance, Rg the sagittal curvature, and Ry the meridional curvature.
The central ray is reflected with an angle 8. (b) Top view showing sagittal focusing with
the characteristic smile of the beam intercept on the curved surface. (c) Side view of
sagittal focusing shows how sagittal focusing must mix the sagittal divergence into the
meridional divergence to maintain a good focal spot. (d) In-plane or meridional focusing
with meridional curvature R, Since Ry = Ry/sin’8, the curvature required for in-plane
focusing is much less than for sagittal focusing, especially at glancing angles.



wide by (2F,8/8) + (F?y°/26R,) long. The y? term arises from the horseshoe-shaped
intercept of the horizontally divergent beam on the sagittally curved mirror surface as shown
in Fig. 2(b)."*1® This intercept shape is the same for a sagittally curved crystal’® As
illustrated in Fig. 2(c), the radiation scattered from the trough and sides of the mirror (or
crystal) must result in some mixing of the horizontal divergence into the vertical beam
convergence for point focusing. The increase in vertical divergence is roughly ¢?%28 for
M = 1. Since a crystal reflects 10-keV (1.6-f1) X rays at Bragg angles, 8, which are about
25 times larger than for mirror reflections, the mixing of the horizontal divergence into the
vertical is 25 times less for sagittal crystal focusing. For a point-focusing X-ray mirror with
10-mrad glancing angle, mixing of the horizontal into the vertical divergence will begin
to dominate the nominal 0.2-mrad vertical divergence when ¢ > 2 mrad.

A way to avoid mixing the horizontal divergence into the smaller vertical divergence is
to use a KB focusing arrangement.? In this geometry, two crossed meridional focusing
mirrors or crystals are used. The complexity of configuring two separate optics as energy is
tuned is primarily justified when large demagnifications are required. The KB design also has
limited angular acceptance. With Egs. (1) and (2), it can be shown that the sagittal geometry
can focus radiation with a larger divergence than the meridional geometry. At unit
magnification, the length of optic required to intercept a divergence 24 with sagittal focusing
is ~F,¢%26% The length of optic required to intercept the same divergence with meridional
focusing is ~F;2y/8, which is 48/ times longer. To focus a divergence 2¢ = 6/2, a meridional
optic must be 16 times longer than a sagittal optic. Meridional X-ray mirrors with glancing
angles <10 mrad must be >0.5 m to collect beams >5 mm high in the meridional plane. Such
mirrors challenge the art of mirror fabrication.

Several synchrotron radiation beamlines have used meridional-focusing crystals that can
be built to collect beams several millimeters wide.”® These optics have energy tunability
limited by the motion of the focal spot as energy changes and by the limited energy range set
by the asymmetric cut required for good focus when M = 1. A further disadvantage is their
incompatibility with a double-crystal, nondispersive geometry for fixed exit beam [Fig. 1(b)].
In the nondispersive configuration, a curved meridional-focusing crystal must be followed by
a curved-defocusing crystal to ensure that each ray makes the same Bragg angle on the second

crystal as on the first.



3. CONICAL CRYSTAL GEOMETRY

Tunability with crystal-focusing optics necessitates changing Bragg angle and curvature
[Eq. (1)), which dictates simplicity in design. The simplest shape for a sagittal-focusing
element is a cylindrically curved surface, and the next is a cone as shown in Fig. 3. It has
been shown'® (corrected here for an omission of the exponent 2 on tan’y) that a line of
sagittally divergent rays from a point source intercepts a cylindrical surface at angles 85 given

by:

sinf. = sin® Mjﬂ’_ (3a)
5 N1+ tanty

where

F
o A (3b)
Nsin®, N

With reference to Fig. 3, N is the cylindrical bend radius, 8 is the Bragg angle of the central
ray, ¢ is the sagittal divergence (horizontal for most synchrotrons) from the central ray, and
F, is the source to crystal distance. When N = F, sin0p/(1 + cosg), then &« = 1 and sinfg =
sinBy for all y.!° This important relationship has two solutions: N ~ « (1-cosfg solution) and
N ~ F;sinfp/2 (M ~ 0.33; 1 + cos8g solution). Hence, cylindrically curved crystals that are
nearly flat or bent for M ~ 0.33 will diffract a fan of radiation at nearly constant Bragg angles
independent of ¢. This is also true for total external reflection mirrors.

Rays from a fan of radiation with divergence 2 intercept a flat crystal at angles varying
from 6y for the central ray to 8, given by sinf,, = sinBgcosy. Thus, when following a first flat
crystal, a second crystal has highest efficiency if it compensates for the small ¢ dependence
of 8. For example, the second crystal should not be curved to the nearly flat solution
(1-cosBg) but should be identically flat as is well known. A slight curvature of the first crystal
to the (1-cos@p) solution would narrow the energy band passed by the monochromator; the
effect is only about 0.5 eV (0.08 aJ) at 10 keV (1.6 {J) and 2¢ = 20 mrad.

Away from the condition M ~ 0.33, a fan of X rays diffracted from a first flat crystal will
not, in general, make the same Bragg angles on a cylindrically curved crystal for sagittal

focusing. To determine the next step in configuring the crystal, we expand Eq. (3) in ¢.
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Fig. 3. (a) Geometry for the conical or cylindrical-crystal flat-crystal nondispersive
monochromator. In the meridional (scattering) plane, the bent crystal acts as a flat crystal
to the first flat crystal in the nondispersive geometry. (b) Geometry for determining the
angle 8 of a ray with horizontal divergence  striking a conical surface.
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Tany is small (¢ ~ 1 to 10 mrad) compared with sin8g, (6 ~ 100 to 1000 mrad) for the usual

crystal lattice spacing. It is a good approximation that ¢ < sin8y. With the approximation

V1+3 ~ 1+—g, Eq. (3a) reduces to the form:

sinGBtanzlp . asinentanzw . (4)

sinf, =~ sinf, -
§ B 2 2

For 64 to precisely equal 6y, the last two terms must be made to cancel. However, as
discussed above, the angles 8, of rays in a fan of radiation incident on a flat crystal vary with

the horizontal divergence ¢ as:

sinb, = sinfycosy ~ sinf, - ilfgfé———tanzlf . &)
Since the first two terms of Egs. (4) and (5) are the same, we need only make the third term
of Eq. (4) negligible for the highest diffraction efficiency through a flat-crystal-sagittal-crystal
pair. The angle 8 is nearly equal to 85. For example, for Si;;; or Geyy,, 0, differs from 6,
by only 0.01 mrad for 10 keV (1.6 fJ) X rays when 2¢ = 20 mrad and by 6 x 10* mrad for
40 keV (6.4 {J) X rays when 2y = 10 mrad.

We look for a solution to Eq. (4) that makes the third term negligible. For arbitfary
curvature N, the third term in Eq. (4) can represent a serious mismatch in the Bragg angles
of rays reflected from a first flat-crystal incident on a sagittally focusing cylindrical crystal. For

example, at M = 1, N = Fsin6; hence, ¢ = 1/sin’0y and Eq. (4) reduces to:

sin® Btanztp . mnz\l,
2 2sinf_

©

sinf; ~ sin@, -
B
Efficient transmission at M = 1 for an Si,, flat-crystal-cylindrical-crystal pair occurs only when
¥ < 0.0056, which is when 2y is about 2 mrad for 10 keV (1.6 fJ) X rays.

We show that with a conical geometry, the third term in Eq. (4) is canceled to first

order by a term that includes the cone angle, A, which is defined in Fig. 3. If the crystal bend
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radius, Rgx, changes along the length of the crystal as in Fig. 3, then the crystal surface
defined by the coordinates X, Y, and Z is given by:

Y = Rey (1 - 1-@RspY) ,

where
Ry = N(1=4X) . ™

As shown in Fig. 3, X = 0 is defined as the X intercept of the central ray on the conical
crystal, and Rgx > N for A and X positive. The apex of the cone is located at X = Al
[Fig. 3(a)] and may be toward the source (A > 0 for M >0.33) or toward the focus (A < 0
for M < 0.33). For Z~F,tany small, the conical-crystal surface has a slope in the scattering
plane that grows as Z2. We differentiate Eq. (7) to find the slope of the conical surface as
a function of Z along the X-axis. The angle, 85, for a ray with horizontal divergence ¥, which

intercepts the conical surface of Fig. 3, is then given by:

sine,:zuﬁq:+ asing tan’y AFtany ®)

sinf. ~ sin®, -
s B 2 2 2N

If the last two terms of Eq. (8) are made to cancel, then the first two terms of Eq. (8)
match the flat-crystal case given in Eq. (5). The condition for canceling the last two terms

is given by:

aNsin®;,  3pm-1
F2 2FM

=

®)

At unit magnification A = 1/F,, and the crystal is configured to a cone with cone length F,
[Fig- 3(a)]. AtM = 0.33, A = 0 and the special cylindrical case is realized.!” In general, by
following the prescription of Eq. (9), it is possible to intersect a horizontal fan of radiation
and reflect it first off a flat crystal, then condense the radiation with a conical crystal over a
useful magnification ranging from 2 to 0.2. This range is limited primarily by increased focal

aberrations and reduced trapsmission for finite source size. The cone angle in degrees for
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Siy;; at 10 keV (1.6 f]) is plotted in Fig. 4 as a function of magnification. The cone angle
A = arctan(2Rg x_¢A) depends only on magnification and Bragg angle:

6M-2 .

A = arctan[ Msmﬁ,3 1. (10)

Also plotted in Fig. 4 are the radii, Rgx_, = N for Sij;;, E = 10 keV (1.6 fJ),
F, =20m,and F, + F, =40m. AtM -~ 1, the crystal radius Rgy is a maximum for a fixed

source-to-image distance. In the next section, focal aberrations are also shown to be

minimized near M = 1.
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Fig. 4. The cone angle A as a function of magnification M.
At M ~ 0.33, the cone angle goes from negative to positive. Also
plotted are the sagittal focusing radii, N = Ry = 2MF,sin8/(1+M),
as a function of M for F; = 20 m and for F, + F, = 40 m. Note
that the radii are multiplied by a factor of 10 to put them on
the same scale as the cone angle A.
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4. RAY-TRACING RESULTS

A Monte-Carlo ray-tracing program was used to study the imaging and transmission
efficiency of the conical crystal geometry. A study of focusing aberrations and efficiency with
cylinders and a point source has been given.!® Ray tracing allows a generalization to finite
source size and conical shapes. A white-beam Gaussian source was assumed with adjustable
vertical and horizontal spatial distributions. The spatial and angular distributions were chosen
to model a second-generation synchrotron radiation source [National Synchrotron Light
Source (NSLS)] or a third-generation source {Advanced Photon Source (APS)]. The vertical
divergence was Gaussian. A uniform horizontal intensity with a divergence of up to 15 mrad
was assumed as might result from a simple slit system on a bend magnet or wiggler
synchrotron radiation source. The transmission for each ray was estimated from the Darwin
width overlap of the two crystal reflections. Unit efficiency was assumed when the Bragg
angles were identical at both crystals. A cylindrical specular-reflecting mirror for meridional
focusing of the vertical divergence was modeled upstream of the crystal pair. A cylindrical
mirror upstream has negligible aberration for focusing the vertical divergence and avoids the
increased vertical divergence from the flat-crystal-conical-crystal pair. A schematic of the
modeled focusing optics is shown in Fig. 5. For the calculations presented below, the mirror
was modeled at 1 m upstream of the focusing crystal.

The focusing aberrations were first studied assuming a negligibly small source. The size
of the image was calculated for various horizontal divergences, energies, magnifications, and
focal distances. The aberrations were found to be a minimum near M = 1. In Fig. 6, the

vertical and horizontal aberrations are compared as a function of magnification at 10 and
30 keV (1.6 and 4.8 £J). The most serious focusing errors are in the scattering plane. The

RMS image size is calculated with F;, = 30 m and 2¢ = 6 mrad. As illustrated, the
aberrations are minimized near M = 1.

The introduction of finite horizontal source size reduces the focusing efficiency of both
the M = 1 and M = 0.33 geometries. The cylindrical M = 0.33 case is more sensitive to
source size and has less transmission from an extended source than does the M = 1 geometry.
The relative merits of sagittal-crystal focusing at various magnifications depend on the goals
for the focusing optics and the source properties. With large sources, it is possible to obtain
smaller images by using demagnifying optics. Increased focused intensity results as long as the

demagnified image size is small compared to the focusing aberrations. Demagnifying optics,
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Fig. 5. Modeled optical geometry used in the ray-tracing
calculations of the conical crystal focusing. The in-plane (meridional)
focusing mirror is used to focus the small vertical synchrotron
radiation divergence. The sagittal focusing crystal is used to collect
and focus 15 mrad of synchrotron radiation divergence. Ray-tracing
programs are particularly useful for studying the effect of source
size on focusing performance.
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however, increase the beam divergence at the image. For a realistic comparison between the
cylindrical (M = 0.33) and conical (M = 1) shapes, a root-mean-square (RMS) source size
of 0.31 mm horizontal by 0.085 mm vertical was assumed. This source size is near that
anticipated for a wiggler on the third-generation APS.Z As shown in Fig. 6, the focal
aberrations are about an order of magnitude less for M = 1 than for M = 0.33, but the
geometrical image area is almost an order of magnitude less in the M = 0.33 case. Though
the total flux passed with M = 1 is comparable to the total flux passed with M = 0.33, the
geometrical intensity gain expected for M = 0.33 is not fully realized. As shown in Fig. 7, the
focused intensity through a 200-um-diam pinhole can be 3 times higher for M = 1 than for
M = 0.33. The M = 1 geometry outperforms the M = 0.33 cylinder above ¢ = 2 mrad.
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Fig. 7. Comparison of the transmission through a 200-um-diam
pinhole with M = 0.33 and M = 1. For this comparison, the source
size and vertical divergence are modeled after the anticipated para-
meters for a wiggler line at the APS (see text). The comparison is
virtually identical for an APS bending magnet line. :
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M = 1 preserves the vertical height of the source much better than M = 0.33. Furthermore,
the cylindrical crystal for M = 0.33 must tolerate a greater stress as it is bent to a smaller
radius, which for the same source-to-image distance, F; + F,, is three-fourths the radius of
the M = 1 (conical) geometry. Also, for the same F, + F,, the sagittal smile (Fig. 2) is three
times larger for the cylindrical geometry than for the M = 1 conical case.

The overall performance at M = 1 is illustrated in Fig. 8, which shows the transmission
and image size with F; = 10 m and for an RMS source vertical and horizontal size of 0.4 by
0.05 mm®. A small, vertical source size was used in this ray-tracing calculation to again make
the vertical focus sensitive to aberrations. The calculated focal spot size was sensitive to
average curvature. Transmission was sensitive to the cone length A™, peaking at an A defined

as in Eq. (9). Transmission efficiency was nearly identical to that expected for two flat crystals
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Fig. 8. Performance of the model focusing system of Fig. S for F; = 10 m,
M = 1, and 2y = 15 mrad. The crystals were assumed to be Si;;. The source
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Decreased transmission at higher energies results from the inability of the
focusing crystal monochromator to accept the full horizontal source size.
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at lower energies but began to decrease at higher energies, dropping to one-half at 40 keV
(6.4 £1). The horizontal RMS image size became slightly less than the source size at high
energies; rays originating from source points away from the nominal origin have reduced
transmission through the flat-crystal-conical-crystal pair. This sensitivity to phase space
accounts for most of the decrease in transmission with higher energy. Except for the very
lowest energies, the RMS vertical focus is near the geometrical limit. Based on the ray-
tracing results plotted in Fig. 7, a flat-crystal-conical-crystal nondispersive monochromator
preceded with a vertical focusing mirror can achieve nearly ideal focusing at M ~ 1. Actual
transmission efficiency will depend on the precision of the bending device and uniformity of
the crystal shape and its elastic response. As discussed later, experience has shown that good

transmission efficiency can be achieved.
5. ALIGNMENT AND OPERATION

5.1 BENDING MECHANISM

We have applied the conical-crystal design to our own beamline X14 at the NSLS.?
This successful application routinely focuses ~5 mrad from 3 to 25 keV (0.5 to 4 fJ) and has
prompted others to follow. We describe the bending mechanism used at X14 as it contains
the essential elements required to bend cylindrical and conical crystals.

The bender consists of four rods with two rods fixed by an optical plate to lic in a
plane, and with the other two rods driven by four independent linear translators: one at each
end (Fig. 9). The two fixed rods are parallel while the two movable rods:operate in planes
perpendicular to the plane defined by the fixed rods. This bending scheme can only
approximate the conical shape defined by Eq. (7), but practice has shown that the errors are
not significant. Previous experiments with a more complicated bender, which allowed a more
precise bending of the crystal surface by pointing the two fixed rods toward the conical apex,
did not improve the focus or X-ray transmission over that achieved with the simpler bender."
In the X14 design, the choice was made to translate the outer rods and keep the inner rods
fixed (Fig. 9); this produces less displacement of the crystal center when bent.

The four-rod bender differs from a four-point bender in that the