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Coherent dynamical interaction in a 6-beam Borrmann diffraction experiment leading to an 

unusual intensity enhancement of X-ray transmission in crystals is investigated by using a 
synchrotron radiation source. A sharp enhanced intensity spot of two seconds of arc beam-
divergence is observe 1 on the direct beam at the exact 6-beam diffraction position. The plane-
wave dynamical theory is employed to account for the experimental results. The polarization 
dependence of the crystal excitation by the incident beam is discussed. 

Introduction 

Coherent interaction of X-rays takes place in 
crystals through multiple diffraction, where several 
sets of atomic planes diffract simultaneously an in-
cident beam. Under such conditions the transmis-
sion of X-rays through a perfect crystal is anom-
alously high [1-6] . In the (000) (034) (220) (202) 
(242) (224) Borrmann diffraction case unusually 
bright trans-beams suffering zero absorption should 
be, in principle, observable at the exact 6-beam 
diffraction position [2]. Attempts have been made 
to observe this predicted phenomenon, but only 
with limited success [7—9]. 

In this paper, we report on such an anomalous 
transmission of X-rays through a perfect silicon 
crystal on the direct incident beam of linearly 
polarized synchrotron radiation. The present results 
will be compared with those obtained with an un-
polarized X-ray source [7], [9]. 

Experimental 

The experiment was carried out at the Hasylab 
of DESY. Figure 1 showrs the experimental arrange-
ment, which is similar to that reported by Huang, 
Tillinger and Post [7]. The synchrotron radiation 
of the DORIS storage ring together with a collima-
tion system produces an incident beam with an 
angular divergence of about 20 seconds of arc. The 

* On leave from Institute de Fisica, Universidade Estadual 
de Campinas, Campinas, S.P. 13100, Brazil. 

Reprint requests to Dr. Shih-Lin Chang, Max-Planck -
Institut für Festkörperforschung, Heisenbergstr. 1. D-7000 
Stuttgart 80. 

linear jr-polarization lies in the plane of Figure 1. 
The experiment is performed by aligning a [111] 
cut, plate-like perfect silicon crystal for (044) reflec-
tion at the w'avelength A=1.0Ä. The rest of the 
involved reflections then simultaneously satisfies 
Bragg's law. The crystal thickness is 3 mm. A Laue 
transmission photograph (see Fig. 2) is taken to 
check the crystal alignment at this wavelength. 
Figure 2 is obtained by placing a film 5 cm behind 
the crystal parallel to the crystal plate. Six-beam 
diffraction is seen. The direct beam, (000), is at-
tenuated by a 1 mm thick lead absorber and a 3 mm 
thick aluminium plate. The camera is also shielded 
by aluminium and lead foils to supress the high 
background caused by the white radiation. The en-
hanced transmitted intensity on the direct beam 
(Fig. 2) is readily detectable on the original film. 
When the crystal is aligned for X = 1.54 Ä by set-
ting (044) at the Bragg angle for this wavelength, 
the intensity enhancement of the direct transmitted 
beam at the 6-beam point is reinforced. This is 
shown in Fig. 3, which is taken by placing a film, 
perpendicular to the direct beam, 20 cm away from 

Synchrotron Crystal Absorber Film 

32 m 15 cm -»-j-»-5 cm —»-j 

Fig. 1. Schematic representation of the experimental 
arrangement. 
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Fig. 2. Laue transmission photograph of a silicon crystal 
for the six-beam case at A = 1.0 A. The six diffracted spots 
form a regular hexagon. 

Fig. 3. Image of the direct 
(000) beam at the exact 
6-beam diffraction position 
for I = 1.54 A. 

the crystal. The angular divergence of the enhanced 
spot is estimated to be about 2 seconds of arc by 
comparing the diameter of the spot and that of the 
direct beam in Figure 3. The shape of the direct 
beam results from the geometry of the collimator 
at the exist of the synchrotron beam line. 

Calculations 

The computer program for n-beam dynamical cal-
culations [6] is employed to account for the ob-
served results. This program is based on the plane-
wave dynamical theory of Ewald [10], modified by 
von Laue [11], and generalized by Kato [12] for 
the n-beam cases. The 7r-polarization of the syn-
chrotron radiation is considered in the calculations. 

Table 1 gives, at the exact six-beam diffraction 
position for each mode of propagation, the linear 
absorption coefficient juo, excitation of modes (the 
fraction of the incident energy associated with a 
given mode), and the resonance failure g (see [10]). 
Only 9 of the 12 modes are appreciably excited by 
the incident beam during the occurence of the 6-
beam diffraction. This selection of modes is due to 
the linear ^-polarization. For a thick crystal, only 

Table 1. The linear absorption coefficient juo along the 
direction of the incident beam, the percentage of mode 
excitation and the resonance failure g for a .-r-polarized 
beam (cp — Q). 

Mode /uo (cm-1) Excita- g (cm-1) 
tion (%) 

1 0.03 0.0 246.57 
2 0.19 10.1 251.33 
3 0.19 0.1 251.33 
4 0.87 16.7 275.90 
5 13.17 4.0 441.15 
6 13.17 6.6 441.15 
7 16.54 18.0 514.68 
8 16.54 5.1 514.68 
9 24.28 16.7 637.34 

10 521.66 0.0 2083.26 
11 543.48 6.1 2111.65 
12 543.48 16.6 2111.65 

the first four modes can contribute to the trans-
mitted intensity. The rest of the modes is suppressed 
by the crystal absorption. In the present study, only 
modes 2 and 4 are effective. Mode 2 has minimum 
intensity at the atom sites, while mode 4 has maxi-
mum intensity near (but not at) the atom sites [9]. 
The wavevector difference of the two modes is only 
24.55 cm - 1 in the [111] direction. The intensity dis-
tribution of these two modes projected onto the 
(111) planes at the exact 6-beam point can be seen 
from Figs. 4(b) and 4(c) of [9], except that the 
intensity maxima are squeezed along the [Oil] direc-
tion due to the 7r-polarization. 

(Seconds of arc) 
Fig. 4. Calculated intensity distribution of the direct (000) 
beam in the vicinity of the 6-beam point for X — 1.54 A. 
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The calculated transmitted intensity of the (000) 
reflection is shown in Figure 4. Diffracted intensities 
less than IO-2 are too weak to be observed in 
Figure 3. For the crystal settings slightly off the 
6-beam position (i.e. 1 second of arc), the absorp-
tion of the two modes (modes 2 and 4) increases by 
a factor of 30. Thus, a sharp intensity enhancement 
within a 2 seconds of arc angular range is expected 
and observed experimentally in Figure 3. According 
to [9], this intense beam is nearly divergenceless, 
monochromatic and spatially coherent. 

Discussions 

Since the experiment involves a linearly polarized 
radiation source, it would be appropriate to discuss, 
based on the dynamical calculation, the effect of 
polarization on the mode-excitation of the crystal. 
On the other hand, the calculated absorption coef-
ficients and the excitation of the modes depend 
strongly on the imaginary and the real parts of the 
structure factors, respectively. Therefore, the in-
fluence of the input structure factors on the calcula-
tion should also be discussed. 

(A) Polarization 

Suppose that cp is the angle between the reference 
^-vector (representing the TI polarization) and the 
resultant electric field of the incident wave. The 
angle cp is zero for a jr-polarized field and 90° for 
a a-polarized field. For an unpolarized beam, 
cp = 45°. Table 2 shows the polarization effect on the 
excitation of the first four lowest absorbing modes 
with an linear absorption coefficient piQ along the 

Table 2. The relation between the incident polarization 
angle cp and the excitation of modes 1, 2, 3 and 4. 

<p 
(deg.) 

Excitation of modes (%) <p 
(deg.) 

1 2 3 4 

0 0.0 10.1 0.1 16.7 
10 0.5 9.8 0.8 16.2 
20 1.9 9.0 2.8 14.7 
30 4.2 7.7 5.8 12.5 
40 6.9 6.0 9.5 9.8 
45 8.3 5.2 11.5 8.3 
50 9.8 4.3 13.4 6.9 
60 12.5 2.7 17.1 4.2 
70 14.7 1.4 20.2 1.9 
80 16.2 0.6 22.1 0.5 
90 16.7 0.3 22.8 0.0 

Reflec-
tion 

(hkl) 

Structure Factor 
F at 25 °C 

Reflec-
tion 

(hkl) F' F" 

000 113.952 2.604 
202 69.534 2.524 
242 50.759 2.372 
440 44.524 2.308 

Table 3. Structure fac-
tor F = F' + i-F" of 
the involved reflections 
in the 6-beam case, at 
T = 25 °C and X = 
1.54 Ä. 

incident beam of less than 1 cm - 1 . For the 7r-polar-
ization (99 = 0), only modes 2 and 4 are strongly 
excited, while for the o,-polarization modes 1 and 3 
are effective. The transition of the excitation from 
modes 2 and 4 to modes 1 and 3 is clearly seen, 
when <p varies from 0° to 90°. For an unpolarized 
beam, these four modes are nearly equally excited. 
Since the absorption of these 4 modes is related to 
the absorption of the (220) reflection [9], it would 
be very difficult to observe only a sharp tiny en-
hanced intensity at the exact 6-beam point. The 
diffracted (220) and (202) intensities will certainly 
appear in the vicinity of the 6-beam point [7]. 

(B) Structure Factors 

The structure factors F = F' + i-F" (F': real 
part, F": imaginary part) of the involved reflections 
listed in Table 3 are used for the dynamical cal-
culations. As pointed out by Joko and Fukuhara [2], 
the lowest linear absorption coefficient pi at the 
exact 6-beam point is 

pi = x {F000 — F202 — F'224. + -F044) ^ 0 > (1) 

where x is a proportionality constant. A slight varia-
tion in F" can result in a negative absorption. In 
the calculation, a variation of 0.001 in F" gives a 
deviation of approximately 0.2 cm - 1 in pi. In ad-
dition, a deviation of 0.002 in the real part F' of 
the structure factor varies the excitation of the 
mode by a maximum factor of 4. In comparison to 
Ref. [7] and [9], the pi for silicon is different from 
that for germanium, mainly because silicon is less 
absorbing than germanium at the wavelength used. 

(0) Polarization of the (000) Transmitted Beam 

If the resultant transmitted wave in [000] direc-
tion is written as | E | e^, the polarization angle ß 
should be closely related to the polarization of the 
incident beam. The relation between ß and cp, which 
is a function of the crystal thickness, is given in 
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Table 4. The relation between the incident polarization 
angle 90 and the transmitted polarization angle ß for dif-
ferent crystal thickness t. 

<p ß (deg.) 

(deg.) t = 0.1 cm t = 0.2 cm t = 0.3 cm 

0 - 180.0 0.0 180.0 
10 - 138.3 5.8 158.4 
20 - 118.5 11.8 140.8 
30 - 108.9 18.3 127.7 
40 - 103.3 25.6 118.0 
45 - 101.2 29.7 114.0 
50 - 99.4 34.3 110.5 
60 - 96.5 44.7 104.4 
70 - 94.1 57.5 99.2 
80 - 92.0 72.9 94.5 
90 - 90.0 90.0 90.0 

Table 4. For 99 = 0° and 90°, the transmitted beam 
is also linearly polarized. 

Conclusion 

The observation of the intensity enhancement at 
the exact 6-beam diffraction point is due mainly 

to the linearly polarized radiation source and the 
perfect silicon crystal. A similar intensity enhance-
ment should be observable for a perfect germanium 
crystal. The experimental arrangement can be used 
as an X-ray mode-limiter. A single-mode excitation 
can be achieved if a thick perfect crystal is employed. 
The anomalously transmitted beam at the exact 
6-beam diffraction position provides a new* source 
of monochromatic X-rays writh exceedingly lowr 

divergence and single-mode excitation for X-ray 
diffraction and imaging studies. 
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