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It has been experimentally found that X-ray moireÂ fringes are not exactly given as a projected ®gure

from the specimen crystal as predicted by the standard theory of X-ray dynamical diffraction, but

show a kind of spatial oscillation along the beam path out of the crystal. This paper reports that a

similar spatial oscillation has been found for PendelloÈ sung fringes in a similar experiment recording

plane-wave X-ray topographs of a silicon wedge crystal onto a set of multi-stacked ®lms. The

oscillation of the PendelloÈ sung fringes was easily found among the simultaneous topographs on the

multi-stacked ®lms by examining the fringe pro®les, and was also found in topographic images by

somewhat careful inspection. It is noteworthy that a simple reciprocal correspondence was observed

between the amplitude of fringe oscillation and the fringe contrast. This ®nding of non-

projectiveness, i.e. the fringe oscillation noted above, in PendelloÈ sung fringes as well as in moireÂ

fringes suggests that the non-projectiveness occurs as a very basic property of X-ray interference

fringes produced by crystal diffraction.

Keywords: PendelloÈ sung fringes; moireÂ fringes; interferometry; plane-wave topography;
dynamical diffraction.

1. Introduction

It has been shown that moireÂ fringes observed in X-ray

plane-wave topography are not exactly given as a projec-

tion of the intensity pattern on the exit surface of the

crystal, but show a spatial oscillation in their positions and

directions along the beam path out of the specimen crystal

(Yoshimura, 1987, 1989, 1991, 1992, 1996a,b, 1997; Yoshi-

mura & Ishikawa, 1990). This non-projectiveness (NPJ)

disagrees with the prediction by the standard theory (e.g.

Azaroff et al., 1974; Authier, 1996) that X-ray diffraction

interference fringes of any type should be a projected ®gure

in the sense above, and thus has raised a basically signi®-

cant question on moireÂ fringes. Experimental observations

of such non-projective moireÂ fringes of various spacings

and directions, made using bicrystal specimens and an X-

ray interferometer (Yoshimura, 1991), and using conven-

tional source and synchrotron radiation, indicate that NPJ

is a general property of moireÂ fringes which appears

manifestly in near plane-wave experiments. In a previous

paper (Yoshimura, 1996a; see also Yoshimura, 1997), a full

observation has been reported regarding the features of

this fringe oscillation viewed in moireÂ topographs, intensity

pro®les, plots of the fringe position/direction, and a map of

oscillation amplitude over a wide area. While the study of

the NPJ in moireÂ fringes proceeds, we have recently found

that similar NPJ also occurs in PendelloÈ sung fringes, by

inspecting topographic data of wedge crystals recorded in a

preliminary experiment. The NPJ in PendelloÈ sung fringes

was clearly recognized by examining fringe pro®les, though

it was not so readily found in moireÂ fringes by casual

observation of topographs. Also, in two-dimensional

topographic images, small non-projective changes in the

fringe pattern were found afterward by carefully searching

in low fringe-contrasted areas in the topographs. This

®nding of NPJ in PendelloÈ sung fringes will provide new

prospects for the elucidation of NPJ. In this paper we

report such an observation of PendelloÈ sung-fringe NPJ.

2. Experimental procedure

2.1. Recording of simultaneous PendelloÈsung topographs

The experiment was conducted using synchrotron

radiation at station BL-15C at KEK-PF, Japan, using the

set-up illustrated in Fig. 1. The experimental procedure and

conditions are almost the same as in the previous paper

(Yoshimura, 1996a) except for a small change in the

monochromator±collimator system. X-rays from the

synchrotron source were monochromated and collimated

by an Si 111 double-crystal premonochromator and an

Si 220 asymmetric-re¯ection collimator of asymmetry

factor b = 1/40. The wavelength of the incident X-rays onto

the specimen was centred at �0 = 0.72 AÊ with a spread

��/�0 ' 9 � 10ÿ4. The angular spread was 0.0800 for indi-

vidual wavelengths and 0.3400 over the entire wavelength

range. The specimen was a simple wedge crystal cut from a

FZ silicon block, shown in Fig. 1(b). The exit surface was
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cut to slope in two directions towards the entrance surface

so as to give an oblique fringe system. The 220 re¯ection

was used in the symmetric Laue geometry, the specimen

being set in the parallel setting with the upstream Si 220

collimator. The incident intensity was known to be uniform

within �2.6% over the irradiated specimen by a densito-

metric analysis of the topographs.

In the imaging procedure, a plane-wave diffraction

image of the wedge crystal with an accompanying Pendel-

loÈ sung fringe pattern (hereafter PendelloÈ sung topograph)

produced in the set-up above was recorded onto a set of 12

X-ray ®lms simultaneously. The specimen was then set at

the peak position of the rocking curve of the diffracted

beam, though a theoretical study of the image intensity,

undertaken after the experiment, shows that the specimen

must have been slightly misaligned. Very thin (20 mm-

diameter) Pt wires stretched in a rigid frame were placed

between the specimen and the X-ray ®lms so that the

images of their shadows made a reference position and/or

orientation on the topographs. The specimen-to-®lm

distance, zd, was 52.4±54.6 mm along the transmitted beam

(K0). Recording X-ray ®lms were placed parallel to each

other with an almost constant interval, and the averaged

®lm-to-®lm separation was 0.20 mm. The transmitted and

diffracted beams (O and G beams, respectively) were

incident on the X-ray ®lms, making angles of 14.4� and 7.3�,
respectively, to the normal to the ®lm plane. This ®lm

orientation and zd were determined after the experiment

by measuring the distances between the O and G images of

a point-like defect. The exposure time was 22 s. Single-

coated X-ray ®lms were specially prepared for this

experiment from conventional-type high-resolution X-ray

®lms (Fuji No. 50; undeveloped grain size 0.3 mm). The

emulsion thickness was 10 mm. The intensity attenuation of

X-rays due to ®lm absorption was 6.7% per ®lm. The set of

simultaneous PendelloÈ sung topographs which were chosen

to be fully analyzed for this paper were recorded in this

way. Besides this, several topograph sets were recorded

with different ®lm intervals and/or a different specimen, to

serve as supplementary data for checking ®ndings in the

main data.

2.2. Image processing of PendelloÈsung topographs

The photographic density, D, of some of the 12 topo-

graphs was measured using a microphotometer (Joyce±

Loebl Mk 3CS) so that exact fringe pro®les and fringe

contrast were known. The effective slit area for illumina-

tion was 20 mm (width) � 50 mm (height). The main image

analysis was conducted using an image processor (PIAS

LA-525) with 256 grey levels. The image on the X-ray ®lms

was input into the processor with linear presetting, using an

optical system equipped with a CCD camera. One pixel

length in input images corresponds to about 20 mm on the

real scale. These original input images received shading

correction, contrast reversal, dynamic range expansion and

smoothing. The smoothing was performed using a 3 � 3

matrix (aij) (aij = 1; i, j = 1, 2, 3) as space ®lter. Although the

curve of grey level versus D was slightly non-linear in this

processing, the non-linearity does not signi®cantly matter

in the analysis of fringe oscillation (see Yoshimura, 1996a).

2.3. Theoretical calculation of image intensity

The theoretical image intensity of PendelloÈ sung topo-

graphs was calculated to have reference data with which the

experimental image intensity and fringe pro®les should be

compared. A double-crystal arrangement with parallel

setting for the Si 220 re¯ection and using �-polarized Mo

K�1 radiation was adopted in place of the actual experi-

mental set-up. The image intensity was calculated using

I�x; y;��� � RR1�� ÿ !0; b�R2�� ���� !� y�; t�x; y�� d�
=
R

R1�� ÿ !0; b� d�: �1�

Here, R1(�) and R2(�) denote the intrinsic diffraction

curves of the monochromator and the specimen crystal,

respectively; (x, y) denotes the rectangular coordinates on

the exit surface of the specimen; �� denotes the rocking

angle of the specimen, but was set at �� = 0 in this

calculation; � is the glancing angle of the incident beam; !0

is the angular deviation from the kinematical Bragg angle

due to refraction; b is the asymmetry factor of diffraction

Figure 1
(a) Experimental set-up. S: specimen; P: thin Pt wire stretched in a
rigid frame; F: X-ray ®lms. xe axis parallel to [1�10], y axis parallel
to [11�2], ze axis parallel to [111]. The xe and ze axes lie in the
vertical plane, and the chained line HL indicates the horizontal
direction. (b) Detailed drawing of the specimen wedge crystal.
Dimensions are given in mm.
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and was set at b = 1/40; !(y) is the angular deviation due to

the tilt of the specimen (misalignment), and was assumed to

be !(y) = 0.05� (yÿ 1.0) [see equation (48) of Yoshimura

(1984)], where the value of 0.05 denotes the tilt angle

divided by a constant proportional to the source-to-

specimen distance in units of arcsec mmÿ1, and y = 1.0 is

the position at which the rotation axis of the tilt lies; t(x, y)

is the crystal thickness at a point (x, y).

3. Results

3.1. Observation of PendelloÈsung topographs

Fig. 2 shows one of the 12 simultaneous PendelloÈ sung

topographs. The O-beam image shown here, rather than the

G-beam image, was chosen for the full analysis; there is no

essential reason for this choice. Each topograph appears to

be the same as that in Fig. 2 in rough unfocused observa-

tion, though very local inconspicuous changes can be seen

among the topographs when inspected closely (Fig. 3). The

method of treating these PendelloÈ sung topographs is

similar to that for treating the moireÂ topographs previously

(Yoshimura, 1996a). The coordinates (X, Y) are taken on

the image plane of the topographs, being by chance almost

parallel to the (x, y) coordinates on the exit surface. The

X-axis lies on the horizontal black line in the middle of

Fig. 2. This and the crossing vertical lines are the shadows

of the Pt lines placed between the specimen and recording

®lms (the bending and the inclination of the vertical line

are due to the so-bent and so-inclined Pt wire). The Y-axis

is placed so as to pass on a point-like defect image beside

the left horizontal cut. Quantitative analysis of the fringe

oscillation (x3.3) was made within a rectangle of area

9.7 mm (X) � 8.0 mm (Y) shown in Fig. 2. Members of the

simultaneous topograph set (T set) are numbered in

increasing order of zd, as T1, T2 etc. PendelloÈ sung fringes

are numbered from the left edge of the rectangle, as

fringe 1, fringe 2 etc. The sense of the image contrast is

taken such that white contrast indicates higher intensity, for

reasons described in the previous paper (Yoshimura,

1996a).

The speci®city of the present PendelloÈ sung topographs is

as follows. The fringe spacing, though almost constant over

the whole ®eld, increases slightly from 0.27 to 0.32 mm over

the ®rst ten fringes (fringes 1±10), and then remains ®xed at

0.33±0.35 mm. The fringe direction inclines by 30±33� from

the Y-axis. Slight curvature of the fringe lines is due to the

curved exit surface of the specimen. The fringe contrast, on

the whole, decreases from upper left to lower right in the

topographs and, in addition, shows a decrease from the

middle towards the upper right-hand side of the ®eld. The

image intensity, or, more exactly, the peak intensity, of the

fringes is at almost equal strength or increases slightly

towards theÿY direction, while decreasing towards the +X

direction. As far as is known by comparison with theore-

tical calculation, such variations in the fringe contrast and

the image intensity are produced by the varying specimen

thickness and slight deviation from the exact Bragg angle

due to misalignment. The specimen is highly strain-free in

the whole ®eld, though the possibility of very slight residual

strain in the upper right-hand corner cannot be completely

excluded (in addition, short black lines and somewhat

diffuse linear images showing some defects or ¯aws are not

due to the specimen but arise from the monochromators

upstream).

Fig. 3 compares the ®rst four simultaneous topographs in

a small area near the right-hand edge of Fig. 2 (marked A),

to observe NPJ in the fringe pattern. A line of white

contrast for the fringe peak just on the right of or above

letters a, b and c may be seen to swing from side to side

among the simultaneous topographs with a small ampli-

tude. Further examples of such small local fringe oscillation

can be seen in various places in Fig. 3. Among all the 12

topographs not shown here, we can see more clearly that

such PendelloÈ sung fringes repeat a spatial oscillation with

an irregular amplitude and repetition cycle. A somewhat

different form of the NPJ occurs in images of small strain

centres, marked with vertical arrows. For example, the

vertical arrow seen near the top edge shows such a clear

change from white and black (T1), to largely black (T2),

white and black again (T3), and largely black (T4). The

insets show another example of such images showing an

oscillatory change among the topographs. The change of

the image contrast appears to be produced depending

sensitively on the relative position of the strain centre to

the main fringe system. Qualitatively, the image contrast of

these strain centres is understood to be largely produced as

the phase contrast of equal-inclination fringes, similarly to a

previous observation by Ishikawa (1989). It seems natural

to the present author to interpret the observations above as

follows. The swinging fringes a, b and c and the image

contrasts of the strain centres show that the phase of the

Figure 2
One of the simultaneous PendelloÈ sung topographs studied in this
paper. T1 topograph, T set No. 4, O-beam image. The scale bar
represents 1 mm. g is the diffraction vector.
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fringe system in the wave ®eld oscillates along the beam

path by some unknown effect. These oscillations in the

PendelloÈ sung fringes are quite similar to those observed in

the moireÂ fringes previously, although a minor difference

from the moireÂ fringes is that the large conspicuous oscil-

lation of long fringe segments is dif®cult to ®nd in the

present PendelloÈ sung fringes.

3.2. Fringe pro®les

In Fig. 4 we show instances of fringe pro®les measured

using the microphotometer (Fig. 4a), along with the

corresponding theoretical calculation (Fig. 4b). (The

microphotometric trace in the T2 topograph is shown

instead of the T1 trace for Y = +1.9 mm because the T2

trace allows a better comparison with a later image-

processor trace by a better coincidence in the scanning y

position; precise adjustment of the scanning position was

dif®cult with the microphotometer used.) The measure-

ment showed that the D value is 0.24±1.01 in this T set (T1±

T12), with a fog density of about 0.14. The fringe contrast

evaluated from the D value using the formula V = (Dmax ÿ
Dmin)/(Dmax + Dmin), for example, ranges from 0.15 to 0.61

and from 0.06 to 0.28 in the two pro®les in Fig. 4(a).

As seen from comparison between Figs. 4(a) and 4(b),

theoretical calculation reproduces fairly well the maximum

and minimum intensities of the experimental fringes. The

assumption of the misalignment as described in x2.3 was

necessary in order to obtain the overall good ®tting

Figure 3
Comparison of PendelloÈ sung-fringed diffraction images among members of the simultaneous topographs. A ®eld near the right-hand
edge in Fig. 2 (marked A) is observed at a higher magni®cation. Horizontal arrows a±c indicate the directions of displacement of the local
segments of fringes just on the right of (a) or above (b and c) the arrows. Arrows are omitted in topographs where the relevant fringe
segments are situated at an intermediate position in the whole side-to-side oscillation. Vertical arrows indicate images of small strain
centres which show non-projective changes among the topographs. The insets also show another strain-centre image at a further higher
magni®cation. The scale bar in topograph T1 represents 0.5 mm. The magni®cation of the insets is 1.67 times larger than that of the main
topographs. The X and Y axes lie along the horizontal and vertical directions, respectively.
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between theoretical and experimental curves in the entire

®eld (Y = +4.0 mm to Y = ÿ4.0 mm). It should be noted

here that a great discrepancy between theory and experi-

ment exists in the shape of the fringe pro®les. The shape of

the experimental fringe pro®les gradually becomes asym-

metric and irregular towards the +X direction, whereas

theoretical pro®les keep on showing a highly accurate

sinusoidal shape in the whole ®eld. The progress of irre-

gularity in the pro®le shape obviously seems to be in step

with the decrease in the fringe contrast. Although no

explanation is found here for the irregularity, it would be

incorrect to ascribe the irregularity to the effect of strain,

since the fringe pattern in Fig. 2 shows no disturbance by

strain, and the intensity and fringe contrast in theory and

experiment almost agree with each other.

Fig. 5 compares pro®les of PendelloÈ sung fringes on

member topographs of the T set in the output intensity

from the image processor scanning along the X axis. The

fringe-pro®le change occurring along the beam path of

diffracted X-rays can be suitably investigated in this form

of display. Pro®le scans at two Y positions are shown to give

a good survey of the whole ®eld of view. For easy

comparison, the pro®le heights in all the member topo-

graphs, which decrease with the T number in the original

®lms, are regulated to be roughly the same as each other by

making a shading correction and a dynamic range expan-

sion in the image processor (smoothing is not performed

for pro®les here). In spite of this processing, the relative

pro®le height among several consecutive fringes in each

topograph can be mutually compared reliably.

Remarks on the fringe pro®les above are as follows:

(a) With regard to the occurrence and the amplifying of

NPJ, the present PendelloÈ sung fringes show a simple

tendency dependent on the location in the ®eld. As illu-

strated by the left-hand-side pro®les in Fig. 5(a), fringes

appearing with good contrast in the upper left quarter of

the ®eld have an almost symmetric-shaped pro®le, which

shows almost no appreciable change among the successive

member topographs. PendelloÈ sung fringes in this partial

®eld may be said to be an almost projected ®gure without

apparent contradiction with conventional theory.

(b) Advancing towards the +X direction, however, the

asymmetric fringe pro®le gradually becomes more common

and conspicuous in all member topographs. In addition, an

appreciable change appears among the topographs in the

direction and the degree of inclination of the asymmetric

shape, and in the foot positions of the pro®le, so that an

oscillation of the fringe-peak position results (fringes 22,

23, 29 etc. in Fig. 5a). An anomalous narrowing/broadening

of the pro®le width and rise/fall of the peak height relative

to neighbouring fringes may also be found (fringes 25, 30

etc. in Fig. 5a). A similar gradual rise in NPJ also proceeds

with an advance towards the ÿY direction. As seen in Fig.

5(b), the pro®le shape generally becomes much more

asymmetric and irregular so as to give a large fringe

oscillation (fringes 18, 19, 26 etc. in Fig. 5b). The non-

projective change of the pro®le width and relative peak

height reaches a striking level (fringes 24±28), and double-

and more multiple-peaked pro®les appear containing ®ner

ripples or spikes (fringes 17±30).

(c) As described above in detail, all ®ve elementary

changes of fringe pro®le mentioned for the previous moireÂ

fringes (Yoshimura, 1996a) are found in the present

PendelloÈ sung fringes; they are changes in shape asymmetry,

displacement of the foot position, pro®le width, relative

peak height, and sub-peak structure of the pro®le. As

illustrated by the mentioned fringes (No. 29 in Fig. 5a etc.),

the shape-asymmetry change is generally accompanied by

the displacement of foot positions in a manner similar to

the moireÂ fringes (Yoshimura, 1996b); in other words, when

Figure 4
(a) Microphotometric traces of PendelloÈ sung fringes, taken by
scanning along the X axis on the T 1 and T 2 topographs. The
ordinate is graduated in the D value after subtraction of the fog
density. The numerals on top of the fringes denote the fringe
numbers. (b) Theoretical calculation of the image intensity in
PendelloÈ sung topographs corresponding to the experimental
pro®les in (a). The ordinate is graduated in the diffraction
intensity per unit intensity of the incident beam.
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a fringe pro®le inclines to one side, the foot of the other

side of the pro®le is displaced to the opposite direction to

the inclination, so that the two changes contribute

subtractively to the resulting peak shift. Furthermore,

pro®le change proceeds in an almost continuous way

among the topographs, accompanied by occasional

discontinuous changes, and like-shaped pro®les appear

recurrently on low- and high-numbered topographs

(fringes 19, 22, 23 etc. in Fig. 5a; 18, 23 etc. in Fig. 5b). In the

relative peak-height change, pairs of neighbouring two

fringes seem to repeat an in-phase oscillation over a few

cycles [fringes (24, 25) and (26, 27) in Fig. 5b]. These

features are commonly observed in much of the pro®le

data, and hence do not seem to be an accidental result.

They also indicate a similarity with the moireÂ fringes. From

the observations above, it is clear that the NPJ of the

present PendelloÈ sung fringes is essentially the same as that

of the previous moireÂ fringes.

(d) Additionally, it should be noted in this pro®le study

that the ®ve elementary changes of fringe pro®le tend to

appear at different magnitudes of NPJ. As described in

remark (b) above, shape-asymmetry change and displace-

Figure 5
Intensity pro®les of PendelloÈ sung fringes compared among member topographs of the T set (the ®rst nine of all 12 topographs). Output
from the image processor scanning along the X-axis on the line (a) Y = +1.9 and (b) Y = ÿ2.0. The numerals at the top denote fringe
numbers. Vertical dotted lines are drawn for reference at the peak positions of fringes in T 1. Deep drops on the right-hand edge are due
to the shadow of the Pt line. Hatching [fringe 30, T 6 in (a); fringe 29, T 5, and fringe 24, T 8 in (b)] shows an accidental noise in the
recording ®lms (small blurs or spots).
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ment of foot positions ®rst appear at a low level of NPJ,

whereas the other three elements, such as relative peak-

height change, begin to appear at a higher level.

(e) Finally, on the basis of the pro®le observation above,

it seems obvious that the irregular pro®le shape (including

asymmetric shape) and the non-projective pro®le change

are produced by the same source. At least, if the irregu-

larity of the pro®le shape does not occur at all, the non-

projective pro®le change cannot occur either, since the

latter is produced through the former as described in (b)±

(d) above. Furthermore, it should be remarked that the

non-projective pro®le change is always ampli®ed where the

fringe contrast decreases. Similar reciprocal correspon-

dence has also been pointed out in moireÂ fringes (Yoshi-

mura, 1996a). On the basis of a great many observations of

pro®le data of NPJ so far, the mentioned correspondence

does not seem an accidental coincidence, if not justi®ed by

theory for the moment.

3.3. Fringe position plots

As the ®rst step of the quantitative analysis of compli-

catedly oscillating fringe pro®les, we determine a fringe-

position plot for the oscillating fringes. Similarly to the

previous moireÂ fringes, the fringe position measured along

the X axis was de®ned as the midpoint of the pro®le width

at r times the peak height, r being 0.85. The peak height was

measured from an assumed smooth background curve

passing on the feet of fringe pro®les. Pro®les used in this

procedure were of smoothed images of input topographs.

Smoothing was still necessary for treating heavily disturbed

pro®les in the low-contrasted area, although pro®les in

most areas of the present PendelloÈ sung topographs do not

need smoothing. It should be mentioned that this quanti-

®cation of the fringe oscillation is not suf®cient in that

information on the changes in pro®le width, peak height

and sub-peak structure is not properly included. Fig. 6

shows an example of fringe-position plots, obtained for

fringes shown in Fig. 5(b). The fringe oscillation can be

viewed in a summarized form in such plots. The oscillation

in the plots is somewhat milder than in the original pro®les

in Fig. 5(b), due to the use of smoothed pro®les. Thick

vertical bars on the right-hand edge indicate the oscillation

range �aP of the respective fringes. Here, aP denotes the

oscillation amplitude determined by the formula aP = 21/2�,

� being the variance of the plot. This de®nition of

amplitude is the same as in the previous moireÂ fringes. In

spite of the mentioned omission of some pro®le-change

elements, the amplitude thus de®ned can be a good

measure for representing the magnitude of oscillation. The

value of aP is 0.7±0.9, 1.0±1.6 and 2.3±3.1 in pixels for the

upper, middle and lower groups of fringes in Fig. 6,

respectively. These values correspond to 5±6%, 6±9% and

13±17%, respectively, of the fringe spacing. Oscillations

included in the beam path length (2.2 mm) from T1 to T12

appear to be roughly two cycles in fringes with large

amplitude like the lower group in Fig. 6, though the oscil-

lation frequency is not clearly countable because of the

irregular oscillation.

4. Concluding remarks

Essentially the same NPJ as in the previous moireÂ fringes

has been found in PendelloÈ sung fringes emerging from a

simple wedge crystal. Non-projective changes in Pendel-

loÈ sung topographs and in the intensity pro®les of fringes

have been observed to occur with detailed features similar

to the moireÂ fringes. The ®nding of the NPJ in simple

PendelloÈ sung fringes as well as in moireÂ fringes suggests

that this NPJ occurs as a very basic property of X-ray

interference fringes produced by crystal diffraction. In the

observation of NPJ above, special attention has been paid

to apparent reciprocal correspondence between the

magnitude of NPJ and the fringe contrast. Quantitative

experimental data analysis on this point will be reported

elsewhere.

Figure 6
Plots of fringe position versus crystal-to-®lm distance zd . Fringe
positions determined on the line Y = ÿ2.0 are shown. The
numerals in the right-hand margin denote the fringe numbers, and
the bars denote the oscillation ranges of the fringes (see text). The
numerals below the plot of fringe 30 indicate the relevant member
topographs.
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