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Spherically bent crystals are used as analyzers in high-resolution spectroscopy, in particular, in low
count-rate applications such as exotic-atom research. The focal conditions are determined not only
by the bending radius and the Bragg angle but also by the crystal cut angle between its surface and
the reflecting crystal planes, along with their orientation with respect to the direction of dispersion.
We describe a simple but precise method for measuring the cut angle and its orientation for mounted
spherically bent crystals, by combining x-ray diffraction and laser optical alignment, which can be
easily performed with standard x-ray laboratory equipment. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2884149�

I. INTRODUCTION

Large area spherically bent Bragg crystals are used in the
x-ray spectroscopy of exotic atoms in the few keV range.1–3

Owing to their focusing properties, they reduce measuring
times by an order of magnitude compared to plane crystal
arrangements. In this �Johann-type� setup,4 defocusing due to
the imaging properties can be well controlled by choosing
appropriate dimensions for x-ray source, crystal, and its ra-
dius of curvature, in combination with a large area position-
sensitive detector.5

A general problem is that the precise knowledge of the
orientation of the lattice planes of the slabs, cut from a crys-
tal bulk and subsequently polished, may be lost. Deviations
are due not only to an imperfect determination of the orien-
tation of the bulk material but especially from alignment
problems of the sawing machine. Spherically bent crystals
are made by forcing thin slabs into a spherical shape; there-
fore the crystal cut angle �miscut� can be assumed to be
constant over the whole crystal surface. In our case, the
plates follow the curvature of a high-quality polished spheri-
cal glass lens kept in place by molecular forces �Fig. 1�. The
meridional orientation may also change during the contacting
process. In fact, x-ray diffraction diagnostics are usually not
available during the industrial fabrication procedure which is
necessary for achieving highest polishing quality. Hence, af-
ter mounting the crystal, determining the miscut and its ori-
entation is essential.

A miscut is characterized by an angle � between the
crystal surface and the reflecting planes. As is seen from
Guinier’s focusing condition for cylindrically bent crystals,6

the crystal cut angle contributes to the focal positions, i.e., in
the distances between crystal �C�, detector �D�, and source
�S� �Fig. 2�,

CD = Rc sin��B + �� , �1�

SC = Rc sin��B − �� . �2�

For �=0, the Guinier condition reduces to the usual �meridi-
onal� focusing condition for the symmetric Bragg case,
CD=Rc sin �B, where �B is the Bragg angle according to
Bragg’s law and Rc the crystal’s bending radius. Similarly,
the knowledge of � is equally important when using asym-
metric Bragg reflections. For the sign of �, we follow Guini-
er’s convention, where a positive angle corresponds to a
larger crystal-detector distance.

Equations �1� and �2� are only valid for a particular ori-
entation of the crystallographic planes, i.e., when the direc-
tions of dispersion and the meridional plane are perpendicu-
lar; it also neglects bending itself.7 An arbitrary orientation
of the miscut plane is equivalent to a rotation of the meridi-
onal plane by an angle � around the diameter Rc of Fig. 2.
The effective miscut �� can then be obtained as the projec-
tion � cos �. Rewriting Eq. �1� as CD=Rc sin �B cos ��
+Rc cos �B sin �� and assuming a small miscut ���0�, one
obtains for any orientation � the focusing condition

CD = Rc sin �B + Rc cos �B sin�� cos �� . �3�

As expected, an orientation according to �=90° or 270° does
not change the focal length: rays in the plane of Fig. 2 are
simply reflected above or below the symmetry plane, which
can be corrected by tilting the crystal but leads to a top-
bottom asymmetry of the reflection.

The following example reveals the importance of a pre-
cise determination of both the miscut and its orientation: for
a Si�111� crystal and x-rays of the 3p-1s transition in pionic
hydrogen �2.89 keV� the Bragg angle is �B=43.2°.3 A mis-
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cut as small as 0.1° results in a change of the focal length of
about 4 mm or 0.2% for Rc=2.98 m. If such a miscut is
ignored and the detector is positioned at the supposed focal
position, the displacement of the focus broadens the line by
about 10 s of arc �for a horizontal crystal aperture of
60 mm�; this is to be compared to the intrinsic resolution of
the silicon crystal of about 26 s of arc.8

II. X-RAY DIFFRACTION BASED TECHNIQUES

Techniques for determining the orientation of lattice
planes within crystal blocks by diffraction methods are well
established,9 in particular, for measuring the orientation of
epitaxial layers and implantation profiles.10–14 The methods
are based on angle differences and/or rocking curve width
measurements, among others, with strongly asymmetric re-
flection setups. When adapted to flat specimen14 or a special
form of the crystal material,13 they are not easily applicable
to the spherically bent crystal setup.

The only alignment required for the method described in
this paper is an adjustment of the x-ray spectrometer to the
critical point �Fig. 1� where the bent surface is parallel to the
reference plane defined by the spectrometer sample holder
being perpendicular to the rotation axis �Fig. 3�. The critical
point is always the lowest point and, so, no further tilt ad-
justment is needed.

III. CRYSTAL ALIGNMENT

In practice, the lowest point does not coincide with the
geometrical center of the crystal mounting. Therefore, at first
the center offset of the critical point is found by means of a
laser beam reflected from the crystal surface onto a screen.
When rotating the crystal-lens mounting, the position of the

reflected light remains unchanged if the critical point is on
the axis of rotation, as is required by this method �Fig. 3�.
Otherwise, the reflected spot describes an ellipse. The closer
the crystal sphere center to the rotation axis, the smaller the
ellipse axes; the ellipse eventually collapses into a spot. Dur-
ing this procedure, the laser and the rotation axes are kept
fixed and the sample holder, together with the crystal mount-
ing clamped on it, is moved along the y and z coordinate in
order to position the critical point onto the rotation axis �Fig.
3�. The accuracy of this procedure depends on the surface to
screen distance. In addition, the laser spot diameter can limit
the accuracy. Placing the laser’s aperture at a distance Rc the
crystal acts as a concave mirror, and the crystal will focus the
reflected beam also at that distance.

In the absence of any miscut ��=0�, an x-ray beam hit-
ting the crystal surface at the critical point is always Bragg
reflected under the angle �0=�B, whatever the holder rota-
tion angle. For nonzero values of �, the reflection angle �
with respect to the reference plane varies periodically around
�0 according to

� = �0 + � cos�� − �0� , �4�

where �=�−�0 is the actual orientation. The angle � is
measured relative to an arbitrary reference mark placed on
the rim of the glass lens; the phase �0 represents the direc-
tion of the miscut with respect to the reference mark. Miscut
angle and orientation �� ,�0� are then obtained through a fit
of the ���� curve �Fig. 4�. During the x-ray sample spec-
trometer alignment, it was necessary to redefine the zero of
the angle encoder. This explains the small offset on the ����
curves, which are not vertically centered at the correspond-
ing Bragg angle �B. However, this has no impact on the
extracted values of � and �0, as can be seen in Eq. �4�.

IV. MEASUREMENT

The measurements were performed with a SEIFERT®
XRD 3003 PTS high-resolution x-ray diffraction spectrom-
eter, which provides a collimated and monochromatic beam
of Cu K� x-rays �8.041 keV�. A sample spectrometer x-ray
alignment was first performed. The optical alignment de-
scribed above was done with a general-purpose gas laser
�660 nm�. The light spots were, respectively, about 6 and
0.5 mm on the crystal surface and on the screen catching the
reflected laser beam. The x-ray beam was collimated to 1 cm
in height and 1 mm in width, about 20 cm away from the
sample. The collimator width at the detector side was
0.5 mm and its distance was also 20 cm.

FIG. 1. Cross section of the crystal mounting on a concave glass lens of 3 m
curvature, 12 cm diameter, and 3 cm thickness. The thickness of the crystal
slabs is about 0.2–0.3 mm �curvature and crystal thickness not to scale�.

FIG. 2. Bragg reflection and focusing condition without and with miscut �
for a bent crystal setup in the symmetry plane. The left drawing corresponds
to the symmetric Bragg case, the right one to the asymmetric one for a
miscut orientation �=0° �adapted from Ref. 6�.

FIG. 3. Schematic of the method used for positioning the critical point
�Fig. 1� onto the holder rotation axis.
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A set of 13 spherically bent crystals was characterized.
As an example of a relatively large and of a relatively small

miscut, the results for a quartz �12̄10� and a silicon �110�
crystal are shown �Fig. 4�. The fit to the predicted cosine
behavior �Eq. �4�� is almost perfect. The angles � and �0

obtained for the quartz crystal are 0.442° �0.005° and
169.0° �0.7° and for silicon 0.119° �0.004° and
−3.0° �2.0°, respectively.

V. DISCUSSION

In addition to the fit error, experimental uncertainties
must be considered. The hitting position of the collimated
x-ray beam may deviate from the critical point by the step
width of the y-z movement, which was about 0.5 mm. This
results in ellipses with an axis up to 4 mm corresponding to
an uncertainty of 0.019° on the cut angle for crystals with
3 m bending radius. As the laser spot is less than 1 mm, the
step width dominates the error of � in this setup. As men-
tioned, the orientation angle �0 of the miscut is measured
relative to a reference mark on the glass lens. The accuracy
��0 for the mounting of the glass lens on our sample holder
is better than 2°.

Of great advantage is the fact that the results are ob-
tained by fitting a simple cosine function, which makes a

specific adjustment of the meridional plane unnecessary. Ob-
viously, the accuracy of the method scales linearly with the
dimensions of the laser setup. The accuracy can easily be
increased by adding data points to such curves—being ad-
vantageous for very small cut angles—as far as mechanical
limitations appear. Furthermore, almost no restrictions for
the Bragg angle arise because any diffraction angle acces-
sible by the diffraction spectrometer can be used. Notewor-
thy is that the method can also be applied to the measure-
ment of the miscut at any point of the crystal surface, by
using a holder capable of tilting the crystal mounting.

VI. SUMMARY

We describe a simple and precise method for determin-
ing or checking the miscut and its orientation of spherically
bent crystal mountings, which have been used in ultimate
resolution x-ray spectroscopy of exotic atoms. The method
uses a commercially available x-ray diffraction spectrometer
and a general-purpose laser. For bending radii of 3 m, in the
worst case an accuracy of 0.02° was achieved for the cut
angle, which is easily enhanced to a few millidegrees when
using a better y-z table.
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FIG. 4. �Color online� Variation of the reflection angle � for second order

Bragg diffraction of the Cu K� x-rays for a quartz �12̄10� crystal �corre-
sponding to �B=39.41° �Ref. 8�� and a Si �110� crystal ��B=23.67° �Ref.
8��. The experimental errors for � are smaller than the dots depicting the
data points. The solid line is a fit according to Eq. �4�.
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