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Investigation of the Phase Shift in X-Ray Forward Diffraction Using an X-Ray Interferometer

K. Hirano1 and A. Momose2
1Photon Factory, National Laboratory for High Energy Physics, Oho, Tsukuba, Ibaraki 305, Japan

2Advanced Research Laboratory, Hitachi Ltd., Hatoyama, Saitama 350-03, Japan
(Received 26 January 1996)

The phase shift of forward-diffracted x rays by a perfect crystal is discussed on the basis of the
dynamical theory of x-ray diffraction. By means of a triple Laue-case x-ray interferometer, the phase
shift of forward-diffracted x rays by a diamond crystal slab was investigated. It was verified that the
phase shift in x-ray forward diffraction actually follows the dynamical theory of x-ray diffraction. It
is suggested that a “phase-sensitive” experimental method using an interferometer can be applied to
explore a wide variety of diffraction phenomena of x rays,g rays, and neutrons in a periodic medium.
[S0031-9007(96)00156-1]
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The phase shift of diffracted and forward-diffracte
x rays by a periodic medium is one of the most fundam
tal problems for x-ray physics and x-ray diffraction optic
It is well known that Bragg-diffracted x rays by a perfe
crystal undergo a 180± phase shift within Darwin’s selec
tive reflection region. This 180± phase shift in the Bragg
diffraction plays an important role, for example, in the
ray standing-wave method [1] and in x-ray topograp
observations of defects in crystals. The phase of forwa
diffracted x rays also undergoes a drastic change both
side and outside the diffraction region. This phase shif
the forward diffraction was recently applied to develop
ray transmission phase plates [2,3]. Thus, the phase
of x rays plays an essential role in many aspects of
ray diffraction physics. However, there has been no s
ple method to observe the phase shift of diffracted a
forward-diffracted x rays. To gain deeper insights in
x-ray diffraction phenomena in a periodic medium, it
necessary to develop a new method that is sensitive to
phase shift of diffracted and forward-diffracted x rays.

X-ray interferometers developed by Bonse and H
[4,5] are powerful tools for detecting a phase shift
x rays passing through an object. To date, x-ray inter
ometers have been applied, for example, to precise m
surements of the atomic scattering factors [6], abso
lattice parameter measurements [7], and phase-con
imaging [8–10]. Here, we demonstrate that x-ray interf
ometers are also useful for investigating the phase shi
x-ray forward diffraction. The basic idea is to insert a p
riodic medium that is adjusted near a diffraction conditi
into one of two coherent beam paths in the interferom
ter. The phase shift produced by the periodic medi
is detected by measuring the intensity of an interfer
outgoing beam. This simple method differs from conve
tional x-ray diffraction techniques in that it is sensitiv
to the phase of forward-diffracted x rays. In this pap
we report on the first successful investigation of the ph
shift in x-ray forward diffraction by means of this “phas
sensitive” method.
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At first, we consider the phase shift of forward
diffracted x rays by a perfect crystal on the basis
the dynamical theory of x-ray diffraction. When x ray
are incident upon a crystal, forward-scattered x ra
are produced in the transmission direction. The ph
shift acquired by the forward-scattered x rays on pass
through a crystal depends on the refractive indexn of the
crystal. In general,n is slightly less than 1 and complex
being given by

n ­ 1 2 a ­ 1 2
l2re

2pVc
F0 , (1)

wherea is the deviation of the refractive index from 1,l

the x-ray wavelength,re the classical electron radius,Vc

the unit-cell volume, andF0 the crystal structure factor o
000 reflection. The refractive index, however, require
slight correction when the incident beam almost satisfi
the Bragg diffraction condition and multiple scatterin
takes place in a crystal. Usually, x-ray multiple scatteri
in a perfect crystal is described by the dynamical theo
of x-ray diffraction within the limits of the two-beam cas
[11]. According to this theory, when the incident ang
is in the vicinity of, but not too close to, the diffractio
condition, the diffraction correction ton is analytically
given by

Dn ­ 2
r2

e FhFh

4p2V 2
c

l4C2

Du sins2uBd
, (2)

where uB is the Bragg angle,Du is the offset angle
from the diffraction condition,C is the polarization factor
[C ­ 1 for s polarization andC ­ coss2uBd for p

polarization], andFh and Fh are the structure factors
of the hkl and h k l reflections, respectively. Note tha
Eq. (2) is valid for both Bragg and Laue cases. T
range of validity of Eq. (2) is defined by the followin
inequality:

jDuj ¿ rel2jFhjypVc sins2uBd . (3)

Because the real part of the refractive index determi
the phase shift of the forward-diffracted x rays, a
© 1996 The American Physical Society 3735
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additional phase shift caused by a diffraction correct
is given by

d ­ 2p ResDndtyl

­ 2
p

2

"
r2

e ResFhFhd
p2V 2

c

l3C2

Du sins2uBd

#
t , (4)

wheret is the length of the x-ray beam path in the cryst
From Eq. (4) we can see that the phase shift is invers
proportional to the offset angle, and increases linea
with the thickness of the crystal.

Rigorous calculations of the phase shift and the tra
mittance can be carried out by the dynamical theory
x-ray diffraction. For example, Fig. 1 shows the calc
latedDu dependence of the phase shift and the transm
tance. Calculations were made for the forward diffract
associated with the Si 111 symmetric Laue-case diffr
tion. Other calculating conditions werel ­ 0.1 nm,C ­
1 (s polarization) andt ­ 76 mm (the thickness of the
crystal slab is75 mm). Figure 1 reveals some of the fun
damental features ofd: (i) d has an opposite sign on bot
sides of the reflection region, (ii) the maximum phase s
is achieved in the vicinity of the diffraction condition, an
(iii) d slowly approaches zero as the incident angle
parts from the diffraction condition.

The phase shift of the forward-diffracted x rays by
nearly perfect crystal has been investigated by a rec
measurement performed at a bending-magnet beam
BL-15C at the Photon Factory (PF) at the Nation
Laboratory for High Energy Physics. In the experime
we used a triple Laue-case (LLL) x-ray interferome
cut monolithically from a silicon ingot (Fig. 2). The
interferometer has three parallel wafers which act
x-ray half mirrors. Each wafer is usually called the “bea
splitter (S),” “mirror (M),” and “analyzer (A).”

When the incident x-ray beam satisfies the Bra
diffraction condition, the beam splitter creates two coh
ent beams, and, subsequently, the mirror and the anal

FIG. 1. Calculated transmittance (solid line) and phase s
(dashed line). Calculations were made for the x-ray forw
diffraction associated with the Si 111 symmetric Laue-ca
diffraction. Other calculating conditions werel ­ 0.1 nm,
C ­ 1 ss polarization), andt ­ 76 mm (the thickness of the
crystal plate is75 mm).
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recombine the interfering beams and produce two out
ing beams (O beam andH beam). We inserted a (001)
oriented diamond crystal slab of 1.09 mm thickness in o
of the coherent beam paths. The diamond crystal was
justed near to the asymmetric Laue-case 111 diffract
condition. In the experiment the wavelength of the i
cident beam was chosen to bel ­ 0.1 nm. Monochro-
matic x rays were produced by a pair of silicon (22
perfect crystals.

At first, we measured the rocking curve of the diamo
crystal without the x-ray interferometer. In Fig. 3(a
the solid line shows the forward-diffracted intensity, a
the dashed line shows the diffracted intensity. We th
measured theO-beam intensity using the interferomete
while rotating the diamond crystal through the diffractio
condition [Fig. 3(b)]. In Fig. 3(a) the forward-diffracte
intensity is almost constant forjDuj . 1000. In contrast,
the O-beam intensity oscillates rapidly with respect
Du in Fig. 3(b). This O-beam intensity is explained
by considering the phase difference produced betw
the two coherent beams in the x-ray interferomet
In the interferometer, one of the two coherent bea
(reference beam) passes through the air ofn ø 1; the
other (object beam) passes through the crystal ofn ø 1 2

a 1 DnsDud. Therefore, the phase difference produc
between the reference beam and the object beam is g
by csDud ­ 2p Ref2a 1 DnsDudgtyl. Assuming that
the absorption of x rays by air is negligible, the resulta
O-beam intensity is expressed as

IsDud ~ j1 1

q
T sDud exphicsDudjj2

­ 1 1 TsDud 1 2
q

T sDud cosfcsDudg , (5)

whereTsDud is the transmittance of x rays at the diamon
crystal. This equation indicates that we can extr
the phase-dependent term, cosfcsDudg, by measuring
both T sDud and IsDud. In the present experiment, th

FIG. 2. Schematic view of the experimental setup. Mon
chromated x rayssl ­ 0.1 nmd by a pair of silicon (220)
perfect crystals are incident upon a triple Laue-case x-
interferometer. In the interferometer, a (001)-oriented diamo
crystal slab of 1.09 mm thickness is inserted into one of
two coherent beam paths. The diamond crystal is adjus
near the asymmetric Laue-case 111 diffraction condition. T
intensities of the interfering outgoing beams (O beam and
H beam) are measured by NaI scintillation counters.
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FIG. 3. (a) Rocking curves of the diamond crystal measu
without the x-ray interferometer. The dashed line sho
the intensity of the diffracted beam, and the solid line sho
the intensity of the forward-diffracted beam. (b) MeasuredO-
beam intensity with the x-ray interferometer. (c) Calculat
O-beam intensity. In the calculation, the curve is convolut
with a Gaussian instrumental width function with a standa
deviation of100.

observedT sDud was almost constant with respect
Du. Therefore, we can conclude that the oscillation
the O-beam intensity originated mainly from the pha
difference,csDud. Figure 3(c) shows the calculatedDu

dependence of theO-beam intensity. In the calculation
the curve is convoluted with a Gaussian instrumen
width function with a standard deviation of100. There
is general qualitative agreement between the calcula
curve and the experimental data. This result confir
to us that the phase shift,csDud, actually follows the
dynamical theory of x-ray diffraction. Discrepancie
between the experimental data and the calculation are
to distortion of the diamond crystal.

The experimental method using the interferometer
scribed above is quite unique in that it can yield inform
tion concerning the phase shift of the forward-diffract
beam by a periodic medium. Although we have limite
our interest in this paper to x-ray forward diffraction i
the two-beam case, we would like to emphasize tha
d
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wide variety of diffraction phenomena of x rays,g rays,
and neutrons in crystals and synthetic multilayers can
explored by means of this phase-sensitive method. F
example, time-domain interferometry of nuclear forwa
diffraction [12] will be one of the most interesting appli
cations of this method. Another interesting application
phase-contrast imaging of imperfections and strain fie
in a periodic medium.

In summary, we have discussed the phase shift
x-ray forward diffraction based on the dynamical the
ory of x-ray diffraction. Using an x-ray interferometer
we could obtain information concerning the phase sh
of forward-diffracted x rays by a nearly perfect crys
tal. By comparing the experimental data with the the
retical calculation, it was verified that the phase shift
x-ray forward diffraction actually follows the dynamica
theory of x-ray diffractions. Further, we have suggest
that the phase-sensitive experimental method using an
terferometer can be applied to explore a wide variety
diffraction phenomena of x rays,g rays, and neutrons in
a periodic medium.
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