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We observe three effects in the Bragg diffraction of x rays in backscattering geometry from asym-
metrically cut crystals. First, exact Bragg backscattering takes place not at normal incidence to the re-
flecting atomic planes. Second, a well-collimated (’1 �rad) beam is transformed after the Bragg reflec-
tion into a strongly divergent beam (230 �rad) with reflection angle dependent on x-ray wavelength—an
effect of angular dispersion. The asymmetrically cut crystal thus behaves like an optical prism, dispersing
an incident collimated polychromatic beam. The dispersion rate is ’8:5 mrad=eV. Third, parasitic Bragg
reflections accompanying Bragg backreflection are suppressed. These effects offer a radically new means
for monochromatization of x rays not limited by the intrinsic width of the Bragg reflection.
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Do optical prisms dispersing visible light and single
crystals diffracting x rays share anything in common?

Almost 100 years after discovery and extensive and
accurate studies, covered in a great number of publications,
little remains unknown and unobserved related to Bragg
diffraction of x rays. However, unexplored areas conceal-
ing a wealth of new knowledge still exist even in such a
very well-charted terrain. Such a surprisingly untried area,
opening new physical effects and perspectives of applica-
tions, is Bragg diffraction in backscattering from asym-
metrically cut perfect crystals. As we demonstrate in this
Letter, such crystals behave, in particular, like optical
prisms, dispersing collimated polychromatic light. The
dispersion rate is ’ 8:5 mrad=eV, almost as big as for
visible light in a prism. This may seem to be a paradox,
since the effect of refraction for x rays is many orders of
magnitude smaller. Similar to optical prism, Bragg back-
scattering from asymmetrically cut crystals offers a variety
of applications.

Sets of parallel atomic planes in crystals can totally
reflect x rays provided the glancing angle of incidence �
to the planes and the x-ray photon energy E are related by
Bragg’s law 2dH sin� � ��1� w�s�H �, where � � hc=E is
the wavelength of the x rays in vacuum, dH is the spacing
between the atomic planes, corresponding to the reciprocal
vectorH, andw�s�H is a refractive correction. The dynamical
theory of Bragg diffraction in perfect crystals (for details

and references to original publications, see, e.g., recently
published books on x-ray diffraction [1,2] ) predicts that
total reflection of x rays is actually achieved in a small
range of photon energies �E�s� � ��s�H E, and glancing an-
gles of incidence ���s� � ��s�H tan� around the values of �
and E determined by Bragg’s law. For a given Bragg
reflection, the refractive correction w�s�H and the relative
spectral width ��s�H are to a good accuracy constants inde-
pendent of E and �. They are small, e.g., for the (008)
Bragg reflection in Si, which will be considered in the
following, w�s�008 � 5:87� 10�6 and ��s�008 � 2:96� 10�6.

The angular and spectral widths of Bragg reflections
change from the values given above, if the crystal surface
makes a nonzero angle �, the asymmetry angle, to the
diffracting atomic planes, as in Fig. 1. The angular width
becomes �� � ���s�=

������
jbj

p
, and the energy width �E �

�E�s�=
������
jbj

p
. Here, b is the asymmetry parameter, defined as

b � � sin��� ��= sin��� ��. The upper sign corre-
sponds to the positive x0 component of the wave vector
K0 (jK0j � 2�=�) of the incident radiation as shown in
Fig. 1. If the atomic planes are parallel to the crystal
surface, i.e., � � 0, then b � �1, which defines symmet-
ric Bragg diffraction. In all other cases, i.e. � � 0, the
corresponding Bragg diffraction is asymmetric. By choos-
ing a proper b, one can tailor the widths of Bragg reflec-
tions to better suit certain applications. This technique is in
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use in x-ray optics. In particular, it allows one to build
x-ray monochromators with very high energy resolution;
see [2–4] for more details and references.

However, in backscattering geometry, i.e., when �!
�=2, the asymmetry parameter is b ’ �1 independent of
�. As a consequence, the Bragg reflection widths are
unaffected by the asymmetry. This fact usually leads to
the general conclusion that there is no or only an insignifi-
cant effect of the crystal asymmetry on Bragg diffraction in
backscattering [5]. The asymmetry parameter indeed be-
comes independent of �, with b � �1 in backscattering.
This does not imply, however, that there are no effects of
the asymmetry. This implies merely that b is no longer a
representative parameter of the problem. The effects still
exist, but in different forms [2] that will be demonstrated in
this Letter.

The effects of the crystal asymmetry have one origin—
refraction at the vacuum-crystal interface. The total mo-
mentum transfer ~H � KH � K0 in scattering from a crys-
tal of an incident wave with wave vector K0 into a wave
with vacuum wave vector KH (jKHj � jK0j) is given not
only by the diffraction vector H but also by a small yet
important additional momentum transfer �H � �Hẑ due
to scattering at the interface, i.e., ~H � H��H (see
Fig. 1). Compared to H, j�Hj is of the order of magnitude
of w�s�H . �H is antiparallel to the internal surface normal ẑ.
If � � 0 then ~H and H are parallel, and the glancing
angles of incidence � and reflection �0 are always equal.
This is illustrated in Fig. 2(b), which shows the region of
total Bragg reflection in the phase space of incident (�, �)
and reflected (�, �0) waves, close to normal incidence when
�! �=2. However, if � � 0 then ~H and H are not
parallel, as in Fig. 1, and the glancing angles of incidence
� and reflection �0 are not equal in all cases except for one,
when KH � �K0, i.e., in exact backscattering. However,
unlike the symmetric case, now exact backscattering can-
not take place at normal incidence to the reflecting atomic
planes, i.e., when � � �=2, as can be seen from Figs. 1(a)
and 1(b) . It takes place at

 �R � �=2��R; �R � w�s�H tan�: (1)

Here �R is the incidence angle of exact backscattering for
x rays with wavelength � � �R ’ 2dH�1� w

�s�
H � at the

center of the spectral region of total reflection. One should
not, however, mistake this effect for the refraction correc-
tion to the Bragg angle.

More importantly, the additional momentum transfer �H
depends on the radiation wavelength (photon energy). This
means that the reflection angle �0 varies with wavelength,
even if the glancing angle of incidence is constant. The
variation is given by

 ��0 � ���=���1� b� tan�:

Asymmetrically cut crystals behave like optical prisms,
dispersing a collimated incident polychromatic beam.
One may think, however, that this effect vanishes in back-
scattering, because in this case �b� 1� ! 0. On the con-
trary, since tan� becomes large, the effect increases. In
backscattering, it is expressed by another equation:

 ��0 � ���0 � 2
��
2dH

tan�: (2)

Both results, presented by Eqs. (1) and (2) were predicted
in [2]. The second effect was termed angular dispersion.

Both effects are illustrated in Fig. 2(a). The marked
areas show the region of total reflection in the phase space
of incident (�, �) and reflected (�, �0) waves. A detailed
explanation of how an asymmetric Bragg reflection
changes the DuMond diagram for the exit beam is given
in [2]. Unlike the � � 0 case shown in Fig. 2(b), they are
no longer symmetric. The bold vertical lines in (�, �)
indicate particular cases of incident beams comprising
different wavelengths with the same angle of incidence.

 

FIG. 2 (color). Transformation of the Bragg reflection region
from the (�, �) space of incident waves in the vicinity of normal
incidence, into the (�, �0) space of exit waves. (s) Symmetrically
cut crystal: � � 0. (a) Asymmetrically cut crystal: � � 0. The
red line is a locus of points obeying exact backscattering
condition in asymmetric scattering geometry, given by Eq. (3).
It is a borderline between scattering geometries of Figs. 1(a) and
1(b). � � 0:1	 � 1:7 mrad.

 

FIG. 1 (color online). Schematic drawing illustrating Bragg
diffraction in the asymmetric backscattering geometry, with
the asymmetry angle � � 0. Exact backscattering (� � �0) is
attained in the transition from (a) to (b) while increasing �.
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The inclined bold lines in (�, �0) show the response of the
crystal, thus demonstrating the effect of angular dispersion.

The effect of angular dispersion requires that the angles
of incidence and reflection for exact backscattering change
with the wavelength: the larger the glancing angle of inci-
dence � � �=2� � the smaller the wavelength of x rays,
which can be reflected backwards. Using Eqs. (1) and (2),
the relation for exact backscattering reads:

 ���R � �0 ��R � �
�� �R

2dH
tan�: (3)

This is shown graphically by red lines in Fig. 2(a) [2,5].
The scheme of the experimental setup for studying ex-

act Bragg backscattering of x rays from an asymmetrically
cut single crystal is shown in Fig. 3. The experiment was
performed at beam line 3ID at the Advanced Photon
Source. We used the (008) Bragg backreflection from a
Si crystal—(D), and x rays with a photon energy E �
9:1315 keV. We have chosen the Si(008) due to practical
considerations (see [6] for more technical details of the
experiment). Any other Bragg reflection could have been
used to demonstrate the effects on which we are reporting.
The crystal is 175 mm long, with the front face surface cut
at the asymmetry angle � � 88:5	 to the (008) reflecting
atomic planes. The side faces of the crystal are almost
parallel to the (008) planes. Thus by illuminating the side
face or the front face, both symmetric or asymmetric
diffraction can be studied.

The x-ray beam incident upon crystal D has a small
angular divergence of �� & 1 �rad. This is achieved by
the (220) Bragg reflection from a Si crystal collimator—
(C), cut asymmetrically with the asymmetry angle �C �
19	 (�C � 20:7	, asymmetry parameter bC � �0:05).
Such reflection transforms the primary incident beam
with angular divergence of ’15 �rad into a beam with

bC-times smaller divergence. Crystal S is cut the same way
as C (�S � �C). The function of crystal S is to select only
those x rays that are reflected exactly backwards from
crystal D. The asymmetry parameter in this case is bS �
1=bC � �20. As a result, only x rays with a reflection
angle spread of ��0 � ���s�220

��������
jbSj

p
’ 5 �rad are selected.

Here ���s�220 � 23 �rad is the angular acceptance of the
Si(220) symmetric reflection. The (220) atomic planes in
crystals S and C are slightly canted to each other by  ’
5 �rad. This ensures that, first, the beam reflected from C
is not reflected from crystal S on its way to D. Second, it
propagates through crystal S with reduced absorption in
anomalous transmission mode [2]. (For the same purpose,
crystal S is only 0.2 mm thick.) Third, only those x rays are
reflected from crystal S and reach the detector Det, which
emanate from crystal D at the glancing angle of reflection
�0 � ��  . Since  is very small, we may consider �0 �
� to a very good accuracy, i.e., that crystal S selects only
those x rays that are reflected exactly backwards.

Figure 4 shows the Bragg reflectivity of crystal D under
these conditions as a function of the angle of incidence
� � �=2� �. The beam cross section incident upon crys-
tal D is large enough to illuminate simultaneously both the
crystal front face and crystal side face, as illustrated in
Fig. 3. The sharp peak at � � 0 is the reflectivity of the
crystal side face in symmetric exact Bragg backscattering
mode. A measured width of � ~�s ’ 5 �rad is mostly due
to the ��0 ’5�rad angular acceptance of the crystal selec-
tor S. No additional broadening is observed, as expected.

The broad peak is the reflectivity of the face side in
asymmetric exact Bragg backscattering. The angular shift
of ~�R � 227 �rad of the center of the reflection region
evidences that exact backscattering from an asymmetri-
cally cut crystal takes place not at normal incidence to the
reflecting atomic planes, i.e., not at � � 0 �rad. The
measured angular shift is in agreement with the theoretical
value �R � 224 �rad, which is obtained from Eq. (1) with
� � 88:5	 and w�s�008 � 5:87� 10�6.

 

FIG. 3 (color). Top: schematic of the experimental arrange-
ment for studying exact Bragg backscattering of x rays from a
single crystal, D. Other components: crystal collimator, C;
selector, S; x-ray detector, Det. Bottom: fragment of Fig. 2(a)
illustrating operation of the three crystal arrangement.

 

FIG. 4. Bragg reflectivity from crystal D of 9.1315 keV x rays,
exactly backwards, as a function of the angle of incidence � �
�=2� � to the reflecting atomic planes.
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The width of the peak demonstrates the magnitude of the
effects of angular dispersion. This can be explained with
the help of the bottom graph of Fig. 3. The x rays incident
upon crystalD are presented by the vertical strip of a width
�� & 1 �rad in the (�, �) phase space. X rays that are
reflected are shown in black. In the phase space of reflected
x rays (�, �0), this region becomes inclined, due to the
effect of angular dispersion. The crystal selector S, can
reflect only those x rays which are marked by the vertical
green line of the angular width ��0 � 5 �rad. Therefore,
only those x rays emanating from crystal D are picked up,
which fall into the white rhomboid. By changing the angle
of incidence, �, this white rhomboid moves along the red
line, given by Eq. (3) for exact backscattering. Given that
the total relative spectral width of the Si(008) reflection is
��s�008�2:96�10�6, from Eq. (3) we obtain �� � ��0 �
113 �rad for the spread of the angles of incidence and re-
flection, for which exact Bragg backscattering is achieved.
It is in agreement with the measured value � ~��
115�rad. The angular spread of the reflection angles �0

due to angular dispersion is twice as large [because of the
factor two difference in the expressions of Eq. (2) and (3)
and thus also in the slopes of the red and black lines in (�,
�0) graph of Fig. 3] and therefore equals 2� ~��230�rad.
The rate of angular dispersion is D � 2� ~�=�E�s� �
8:5 �rad=meV. Here �E�s� � ��s�008E � 27 meV is the
spectral width of the Si(008) Bragg reflection.

This is, however, not all that the experiment tells us
about the effects of the crystal asymmetry on Bragg dif-
fraction in backscattering. There is a third effect, which
reveals itself not by the presence but by the absence of a
certain feature on the broad reflection peak in Fig. 4. It is
known that Bragg backscattering is often accompanied by
simultaneous excitation of parasitic Bragg reflections, dra-
matically reducing the crystal reflectivity into the back-
scattering channel [7–11]. The Si(008) Bragg reflection is
accompanied by two conjugate pairs of parasitic reflections
with all reflected waves propagating perpendicular to the
incident beam. One pair is suppressed by choosing the
polarization of the incident radiation to be in the scattering
plane. However, the second pair can still be excited and
thus cause a reduction of the crystal reflectivity. This is
seen usually as a sharp dip in the reflection curve; see, e.g.,
[10,11]. The broad peak in Fig. 4, representing reflectivity
in exact Bragg backscattering, reveals no signature of any
reduction of the crystal reflectivity. Bragg backreflection
seems to be unaffected by the accompanying reflections.
As was shown theoretically in [2], in asymmetric back-
scattering geometry with � close to 90	, the strength of the
backreflection remains intact, while the strength of the
accompanying reflections is suppressed. This is exactly
what our experiment evidences.

The observed effects offer a new means for monochro-
matization of x rays. As the (�, �0) graph of Fig. 3 suggests,
crystal S selects a narrow bandwidth part (white rhomboid)
from the dispersed beam of x rays (black strip). We can

estimate that in our experiment x rays with a bandwidth of

���0 � ���=D � 0:7 meV are selected. The effect of
monochromatization depends only on the incident beam
divergence ��, angular acceptance of the wavelength se-
lector ��0, and the rate D of angular dispersion [2]. Unlike
existing techniques of monochromatization [2– 4], relying
on the spectral width of Bragg backreflections �E�s�, or on
the width �E�s�=

������
jbj

p
modified by the crystal asymmetry,

the Bragg width �E�s� plays no role in our case. The first
results of the experimental studies of an x-ray monochro-
mator based on this principle are presented in [6].

The effect of angular dispersion can be also used to
compress x-ray pulses in time, in a way similar to how it
is done with chirped laser pulses.

In summary, we observe three effects in Bragg diffrac-
tion of x rays in backscattering geometry from asymmetri-
cally cut crystals: exact Bragg backscattering not taking
place at normal incidence to the reflecting atomic planes,
angular dispersion, and suppression of parasitic Bragg
reflections.
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