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In crystal-diffraction gamma spectroscopy, the
known elastic quasi-mosaicity effect for quartz arises
when quartz plates, which are used for the diffraction of
radiation in focusing spectrometers, are bent to a cylin-
der. The effect results in the broadening of the diffrac-
tion profiles of gamma lines and changes the linear
dependence of the integrated reflection coefficient on
photon energy to a quadratic dependence. This effect is
attributed to the anisotropic properties of quartz, which
lead to the bending of radiation-diffracting atomic
plates coinciding with the normal cross sections of the
unbent plate. The bending angle depends on the cut of
the plate with respect to the crystallographic axes and
can reach a value of several tens of angular seconds for
certain crystallographic planes, which is several orders
of magnitude larger than the natural mosaicity of
quartz. The above explanation of the effect was given
by Sumbaev [1–3] and used by him and his collabora-
tors to increase the efficiency and resolution of focusing
crystal-diffraction spectrometers.

At present, single-crystal silicon has become a
widely used material for manufacturing diffraction
plates. However, its elastic quasi-mosaicity is poorly
studied. This circumstance stimulated the present
study. Another motivation is the search for new meth-
ods for bending atomic planes of single-crystal silicon
for the channeling of protons of high and ultrahigh
energies by short crystals [4, 5].

A noticeable elastic quasi-mosaicity effect in silicon
for the (022) crystallographic plane was predicted in
[6], where some bending schemes in application to
crystal-diffraction spectrometers were analyzed using
the calculation procedure for the deformed state of a
bent anisotropic crystal plate [7]. In accordance with
the cut angle recommended in [6], a silicon plate with
the (022) crystallographic plane perpendicular to the

large faces was manufactured and analyzed on an x-ray
diffractometer. No elastic quasi-mosaicity effect was
found in this investigation.

To resolve the apparent contradiction, we performed
new calculations of the elastic quasi-mosaicity effect
using the procedure proposed in [7]. These calculations
showed that the elastic quasi-mosaicity effect must be
manifested for a silicon plate with the (111) plane per-
pendicular to the large faces, whereas the calculated
elastic quasi-mosaicity effect vanishes for a plate with
the (022) plane.

Figure 1 shows a plate of the orientation under con-
sideration that is bent to a cylinder of radius 

 

ρ

 

, along
with plate-bending-induced change in the shape of the
(111) crystallographic planes. In the calculation model,
this change is associated with the coefficient 

 

k

 

9

 

 entering
into the expression for the 

 

x 

 

projection of the displace-
ment 

 

∆

 

r

 

 of an arbitrary plate point (

 

x

 

0

 

, 

 

y

 

0

 

, 

 

z

 

0

 

) in the plate
coordinate system. This projection is represented in the
form

After bending, cross sections perpendicular to the large
faces of the plate approximately take the shape of para-
bolic cylinders with the projection on the 

 

xy

 

 plane that
is specified by the relation

 

x

 

 = 

 

k

 

9

 

y

 

2

 

.

The coefficient 

 

k

 

9

 

 for an arbitrary (

 

hkl

 

) crystallo-
graphic plane is determined by the elastic constants of
the crystal, the cut angle of the plate in the (

 

hkl

 

) plane,
the bending radius, and the bending method, which
determines the boundary conditions of the problem.
Figure 2 shows the coefficient 

 

k

 

9

 

 as a function of the cut
angle 

 

ϕ

 

 for the (111) plane and plate bending by the
method of applied moments. As is seen, the coefficient
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A considerable elastic quasi-mosaicity effect has been observed upon the diffraction of x-rays on a bent silicon
single-crystal plate. It has been shown that the effect depends on the choice of reflecting crystallographic planes
and the orientation of the plate cut. The effect can be applied to improve the characteristics of silicon single-
crystal monochromators of electromagnetic radiation and silicon single-crystal deflectors of charged-particle
beams. 
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k

 

9

 

 vanishes at the cut angles –90

 

°

 

, –30

 

°

 

, 30

 

°

 

, and 90

 

°

 

and takes an extreme value of 0.00141 cm

 

–1

 

 at the
angles –60

 

°

 

, 0

 

°

 

, and 60

 

°

 

. The calculation was per-
formed for a plate-bending radius of 1 m. Recalculation
for another plate-bending radius is performed by divid-
ing the coefficient 

 

k

 

9

 

 by this radius measured in meters.

Figure 3 shows the orientation of the plate coordi-
nate axes 

 

x

 

,

 

 y

 

, and 

 

z

 

 that corresponds to the cut angle 

 

ϕ

 

= 0

 

°

 

 with respect to the silicon crystallographic axes 

 

x

 

c

 

,

 

y

 

c

 

, and 

 

z

 

c

 

 for a sample grown along the [111] axis. The
axes of the 

 

xyz

 

 system are parallel to the plate edges,
and the 

 

xz

 

 and 

 

yz

 

 coordinate planes are parallel to the
large faces of the plate and the (111) crystallographic
planes. The angle 

 

ϕ

 

 characterizes the possible rotation
of the plate about the normal to the (111) plane and is
measured from the 

 

y

 

 axis.

The calculated elastic quasi-mosaicity is determined
by the bending of the (111) crystallographic planes,
which is calculated for small strains as the difference
between the derivatives of the function that describes
the bending shape as calculated at the boundaries of the
crystal. This bending is expressed by the formula

 

∆θ

 

 = 2

 

k

 

9

 

T

 

,

where 

 

∆θ

 

 is the plane bending and 

 

T 

 

is the plate
thickness. It is seen that the elastic quasi-mosaicity
follows the dependence of the coefficient 

 

k

 

9

 

 on the
cut angle 

 

ϕ

 

.

On the basis of new calculations, a plate correspond-
ing to the maximum coefficient 

 

k

 

9

 

 was cut from single-
crystal silicon. The plate has sizes 60 

 

×

 

 20 

 

×

 

 0.43 mm,
and its orientation with the crystallographic axes is
shown in Fig. 3 [the (111) plane is parallel to the 60 

 

×

 

0.43-mm face]. The elastic quasi-mosaicity effect was
experimentally observed on a two-crystal x-ray diffrac-
tometer [8] by measuring rocking curves before and
after the bending of the plate to a cylinder.

Figure 4 shows the layout of the measurements. A
tested silicon sample in the passage position was used
as the first crystal, and a standard silicon crystal in the
reflection position was used as the second crystal. The
(111) crystallographic planes are diffracting planes in
both crystals. An x-ray tube with a molybdenum anode
was used as a radiation source. The beam incident on
the sample under investigation was formed using a dou-
ble-slit collimator, whose output slit had a width of
0.1 mm and a height of 5.0 mm. The angular divergence
of the beam is equal to 1

 

′

 

, which is much smaller than
the splitting of the fine-structure components. The
Bragg diffraction angle for the  line in the first
reflection order was equal to 6.5

 

°

 

, the natural width of
the  line was equal to 9.2

 

″

 

, and the accuracy of
determining the angular position of crystals was no
worse than 0.5

 

″

 

.
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Fig. 1.

 

 Bending of the (111) crystallographic planes upon
the bending of a silicon single-crystal plate to a cylinder of
radius 

 

ρ

 

. The radius 

 

ρ

 

' characterizes the curvature in a plane
perpendicular to the main bend plane.

 

Fig. 2.

 

 Coefficient 

 

k

 

9

 

 vs. the angle 

 

ϕ

 

 that characterizes the
possible rotation of the plate cut about the normal to the
(111) plane.

 

Fig. 3.

 

 Orientation of the plate coordinate axes 

 

x, 

 

y, and 

 

z

 

that corresponds to the cut angle 

 

ϕ

 

 = 0

 

°

 

 with respect to the
silicon crystallographic axes 

 

x

 

c

 

, 

 

y

 

c

 

, and 

 

z

 

c

 

 for a sample
grown along the [111] axis.
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The measurement results are shown in Fig. 5, where
both rocking curves are presented. The FWHM of the
rocking curve of the unbent plate is equal to 6

 

″

 

 and is
close to the width of the folding of diffraction curves of
two ideal crystals. After the bending to a radius 

 

ρ

 

 =
92 cm, the rocking-curve width increases by a factor of
4 and reaches 24

 

″

 

 = 120 

 

µ

 

rad. The observed broadening
of the rocking curve agrees with the calculated elastic
quasi-mosaicity, which is equal to 26

 

″

 

 and indicates a
considerable elastic quasi-mosaicity effect in a bent
plate. An increase in the width was accompanied by a
considerable increase in intensity at the maximum of
the rocking curve, which is a subject of special investi-
gation that will be reported elsewhere.

Note that the shape of the bent plate differed from
the cylindrical shape and was close to the saddle shape
with a radius of 

 

ρ

 

'

 

 

 

= 410 cm in a plane perpendicular to
the main bend plane (see Fig. 1). Deviation from the
cylindrical shape is a common property of plates upon
the bending by the method of applied moments, and the
radius 

 

ρ

 

' and curvature sign depend on the crystal sym-
metry, chosen crystallographic plane, and plate cut
angle. Deviation from the cylindrical shape leads to
broadening of the rocking curve. However, this broad-
ening in the above measurement was much smaller than
the elastic quasi-mosaicity effect.

A plate for a control experiment was made from the
same ingot. This plate was identical to that studied
above but differed in the cut angle, which was taken to
be ϕ = –30° and corresponds to a calculated value of
k9 = 0. In the unbent state, the rocking curve of the plate
with ϕ = –30° nearly coincides with a similar curve for
the plate with ϕ = 0°. However, the control plate after
the bending to a radius of ρ = 75 cm has absolutely dif-
ferent properties: the rocking curve is only slightly
broadened and intensity at the maximum decreases
simultaneously. This result is entirely explained by the
deviation of the shape of the bent control plate from the
cylindrical shape in the complete absence of the elastic
quasi-mosaicity effect.

The experiment revealed the considerable elastic
quasi-mosaicity effect in silicon and showed that a
small change in the orientation of the cut of single-crys-
tal silicon plates may significantly vary their deformed

state upon bending. We think that the use of this effect
may improve the characteristics of silicon single-crys-
tal monochromators of electromagnetic radiation and
silicon single-crystal deflectors of charged-particle
beams.
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Fig. 4. Layout of rocking-curve measurement on a double-
crystal diffractometer.

Fig. 5. Rocking curves for a plate notched at an angle of ϕ =
0° (6″) before and (24″) after bending.


