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Abstract 

It has been observed that the reflectivity of the (110) 
planes of a quartz lamina can be increased by 
submitting it to a static or alternating electric field. 
Measurements have been performed on 2.5 and 6 mm 
thick plates using a curved-crystal spectrometer with 
DuMond geometry. Photon energies were in the range 
50 to 300 keV. Under the proper conditions, the 
increase in reflectivity is accompanied by negligible loss 
in resolution. The effects are explained by the 
occurrence of a quasi-mosaicity. 

1. Introduction 

A drawback of crystal spectrometers is their low 
luminosity, which can be improved by several means. 
The easiest would be to use large crystals. Unfortu- 
nately, these are very expensive and the crystal 
orientation is generally not sufficiently constant over 
the entire area. Another way is to juxtapose several 
crystals whose relative orientation can be adjusted 
(Beer, Dousse, Kern, Piller & Schwitz, 1976). In both 
cases we have to contend with increased geometrical 
aberrations (Schwitz, Kern & Lanners, 1978). Yet 
another solution is to use highly reflecting crystals. The 
problem then is to obtain a crystal with good 
resolution. It is known that germanium and silicon 
crystals have good reflectivities. However, large 
specimens of sufficient quality are seldom available. In 
contrast, it is possible to obtain large quartz plates of 
good quality. Unfortunately, the reflectivity of quartz is 
not large under normal circumstances. 

In this paper techniques are described by which the 
reflectivity of quartz can be markedly increased. Under 
the proper conditions the line broadening is very small, 
as noted in a preliminary account of our results 
(Dousse & Kern, 1976). 

Measurements were performed with a DuMond 
curved-crystal spectrometer (DuMond, 1947) of the 
transmission type entailing Laue diffraction. The 
bending radius was 5 m and the bending blocks had an 
aperture of 50 × 50 mm. 
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The reflectivity enhancement is obtained by applying 
a static or an alternating electric field across the plate: 

(i) With an alternating field, the frequency can be 
tuned to a resonant frequency of the crystal. The 
required voltage is then only a few volts. The 
phenomenon, which we call the AC effect, takes place 
instantaneously. 

(ii) With a static field, the voltage has to reach a few 
kilovolts. The reflectivity increases only slowly with 
time. We have given the name DC effect to this new 
phenomenon. 

Fox & Carr (1931) first observed the change in 
intensity of X-rays diffracted from piezoelectrically 
vibrated quartz plates. Considerable interest has since 
been exhibited in this phenomenon. A comprehensive 
review of the subject is given by Spencer (1968). The 
change of the diffracted intensity is a dynamical effect 
and relies essentially on primary-extinction variations. 
In particular, this phenomenon has been used for 
studying the vibrating modes of crystal lamina by 
X-ray topography. An extensive list of references on 
this particular aspect can be found in Spencer (1968). 
As is shown in this paper (§2.3), the overall reflectivity 
of a plate can also be enhanced, the increase depending 
on the diffracted photon energy and on the reflection 
order. It is stressed, however, that in our application the 
peak reflectivity and not the integrated reflectivity is 
important since the diffraction lines must have narrow 
widths. These characteristics are considered in §2.4. 

Thermal-neutron diffraction using vibrating quartz 
crystals was also studied. Large enhancements in 
diffracted intensities were obtained (Kenney, Jefferies 
& Jacobs, 1974). 

On the other hand, the DC effect is new. As far as 
we know, one group only has recently and inde- 
pendently observed a similar effect on X-rays (Lapin, 
Samsonov, Sumbayev & Tunis, 1976). 

2. The AC effect 

2.1. Preliminary remarks 

Preliminary experiments on the AC effect have 
shown that the fundamental frequency was 
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unfavourable since the increase in peak reflectivity was 
accompanied by a marked loss in resolution. The use of 
5th, 7th and 9th harmonics, on the other hand, gave 
very encouraging results, as can be seen in Fig. 1, 
which shows an example where the diffracted intensity 
is more than doubled while the widening is only about 
17%. It was also observed that for a given photon 
energy and order of diffraction, the integrated 
reflectivity R is a function of the applied voltage U. 
There is an optimum for which the peak reflectivity Fis  
largest. The variation of the peak width w (FWHM) 
and of R and F as a function of U is shown in Fig. 2. 
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Fig. 1. Reflection line obtained from 109.78 keV photons dif- 
fracted in first order by the (110) planes of a 2.5 mm thick quartz 
lamina: (a) without electric field; (b) with the AC effect (f7 = 
5452.5 kHz, U = 2 V). 
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Fig. 2. Increase in integrated reflectivity R, peak reflectivity F and 
F W H M  w of a reflection line as a function of the applied voltage 
U. The data were collected with the 2.5 mm plate and 109.78 
keV photons in first order. 

2.2. Determination o f  the resonant frequencies 

For (110) quartz plates (Fig. 3a), an alternating 
electric field produces thickness shear oscillations (see 
also §3.2). The eigenfrequencies are given by Mason 
(1943) 

-Qt = 2nl/(2s)(e66/P) 1/2, (1) 

where c66 is a component of the elasticity tensor (matrix 
notation), p the crystal density and s the plate 
thickness. Only odd harmonics are possible ( I =  1, 
3 . . . .  ). 

Formula (I) is valid for a crystal plate of infinite 
extension in the directions x I and x 3. In reality, the finite 
width b of the plate also plays a role, as shown by the 
following formula (Ekstein, 1945) 

ff~l,m : 7C(C66/p)1/2( 12/$2 + kt m2/b2) 1/2, (2) 

where kt is a constant depending on the harmonic I and 
on the elastic constants, and m = 1, 2 . . . . .  

We have reported in Fig. 4 (bottom curve) the 
voltage measured across the plate as a function of 
frequency for the 2.5 mm thick plate and in a frequency 
range close to the 7th harmonic. Important fluctuations 
are apparent and the function jumps abruptly from a 
minimum value (series resonance) to a maximum value 
(parallel resonance). With this procedure, it is possible 
to determine experimentally the eigenfrequencies. The 
counting rate at the peak of a Bragg reflex is then 
observed as a function of frequency. At resonance a 
maximum is registered (Fig. 4, top curve). Comparison 
of the upper and lower curves in Fig. 4 shows that the 
reflectivity is a maximum for frequencies intermediate 
between series and parallel resonances. It is interesting 
to note that the AC effect is more sensitive than electric 
measurements, and displays minor resonances not 
predicted by formula (2). These may arise from the 
finite height of the plate which has been neglected in 
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Fig. 3. (a) Orientation of the crystal plate and of the (110) planes 

with respect to the piezoelectric axes (xt, x2, x3). The optical axis 
is parallel to axis x 3. (b) Deformation of the (110) planes by 
shearing stress. Definition of the quasi-crystallites. 
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Ekstein 's  calculations.  Other  authors  (Sykes, 1944) 
take all three dimensions of  the plate into account  and 
predict  resonance frequencies l-2t, m, .. For  further 
discussion see Spencer (1968, and references therein). 

2.3. Increase in integrated reflectivity and A C quasi- 
mosaicity 

The shearing oscillations in the plate cause some 
distort ion of  diffracting planes. At  resonance  fre- 
quency,  the deformat ion  becomes large enough to 
decouple the waves in the crystal :  the extinction effects 
are reduced and the diffracted intensity increases. 

To take this misal ignment  into account ,  let us 
suppose that  the plate can be divided into slices of  
thickness t o representing the distance over which the 
or ientat ion of  the diffracting planes varies by an angle 
equal to the Darwin  breadth o9o. The expression for o90 
is given by (James,  1967) 

o9o = (2/rc)FNro(i/n)dm,! cos O n, (3) 

m = l  m=3 m=5 m=7 

f 
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Fig. 4. Variation of the counting rate at the top of a reflection 
(109-78 keV, first order of diffraction) and of the voltage across 
the plate as a function of frequency near the seventh harmonic. 

where F is the structure factor,  N the number  of  
e lementary cells per unit volume, r o the classical 
electron radius, 2 the wavelength of  the diffracted 
photons,  n the diffraction order,  O n the Bragg angle and 
dhk t the interplanar  spacing. 

In other words, one can say that  the AC effect 
induces quasi-mosaici ty in the crystal,  tq in this 
representat ion being the average dimension of  the 
above-ment ioned slices which we refer to as quasi- 
crystallites (Fig. 3b). 

To determine tq, we calculate the average value A x  2 
for which the disorientat ion amounts  to o9o. After some 
calculat ion we obtain 

tq(t) = s/(21)o9o/l~p(t)l, (4) 

where tp(t) = ~Po sin (Ott),  ~Po being propor t ional  to the 
deformat ion  ampli tude in the direction x] normal  to the 
diffraction planes. In order to reproduce the integrated 
reflectivities observed with the vibrating crystal,  we 
have used the following formula,  similar to that  given 
for a flat mosaic crystal  (James, 1967), 

RAc = x Q ~ A q ) s  e x p t - g x Q f ( a q ) s ] ,  (5) 

where x is an adjustable parameter  (x < 1) taking into 
account  the fact that  crystaUite diffraction occurs over 
an effective angular  range wider than o9o and where Q 
is defined as 

a = (FNro) 2 23/sin 20 n. (5a) 

f ( A q )  which represents the mean pr imary  extinction is 
given by 

T t 

f ( A q )  = 1 /T  t : f[Aq(t)] dt, (6) 
0 

A q(t) = FNroRtq(t ). (6a) 

T t = 2zr/Ot, where O t is given by (1). f is a compli- 
cated function which can be found, for example, in 
Zachar iasen  (1946). 

Table 1. Comparison between the observed integrated reflectivities o f  the 2.5 mm thick plate in resonance 
(f7 = 5452.5 kHz), and the theoretical values computed with the quasi-mosaic model (equation 10) 

The following parameters have been used: 

E 
(keY) Rob s X 

63-12 7.21 +_ 
93.62 7.05 + 

109.77 6.61 + 
130.51 5.48 +_ 
177.18 3.76 _ 
197.97 3.29 + 
261.05 1.96 +_ 
307.68 1.60 _+ 

U= 2V: tP0=0.Tarcsec, g=5.05  x 104, x=0.75 
U= 5V: ¢0=l '8arcsec ,  g = 2 " 8 0 x  104 ,x---0;80 
U= 10V: ~p0= 2.7 arc see, g =  1.70 x 104, x=0.82.  

U = 2 V  U = 5 V  

106 R^c x 106 Rob s × 106 R^c × 106 

0.30 7.24 12.75 + 0.64 13.12 
0.80 7.01 11.48 + 0.70 11.04 
0.25 6.54 9.88 + 0.40 9.54 
0.23 5.60 7-31 + 0.33 7.66 
0.16 3.87 4.74+0.19 4-76 
0.15 3.28 4.02 + 0.16 4.06 
0.11 2.14 2.41 +0.12 2.48 
0.07 1.62 1.73 +_ 0.09 1.84 

U=IOV 

Robs X 106 

19.69 + 0.91 
14.13 + 0.80 
12.15 + 0-50 
9.19 + 0.37 
5.35 + 0-22 
4.49 + 0.18 
2.57 + 0.12 
1.93 + 0.09 

R^c x 106 

20.47 
14.25 
11.48 
9.01 
5.35 
4.38 
2.62 
1-92 
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Table 2. Comparison between experimental and 
theoretical integrated reflectivities of  the 6 mm quartz 

plate in resonance (f7 = 2272.0 kHz, U = 6 V) 

The fitted parameters used in formula (10) are: 

n = 1 : ¢ 0  = 1.7 arc sec, o ~ = 2.80 × 104 , K = 0.75 
n = 2 : ¢ 0  = 1.7 arc sec, o ~ =  3.23 x 104 , x =  0.80. 

E n - - I  n = 2  

(keY) Rob s X 106 R^c x 106 Rob s X 106 R^c x 106 

63.12 1 1 - 3 5 + 0 . 5 2  11.51 1 0 . 2 2 ± 0 . 4 2  10.25 
109-77 13.46 -+ 0.55 12-89 10.72 + 0.45 10.41 
130.51 1 1 . 5 9 + 0 . 4 9  11.81 8 . 9 7 + 0 . 3 8  9.02 
177.18 8 . 4 2 ± 0 . 3 5  8.78 6 .25_+0.26  6.21 
197-97 7.59 _+ 0.31 7.67 5.17 _+ 0.21 5.28 
307.68 4.02 _+ 0.18 3.88 2.65 _+ 0.12 2.52 

As the crystal oscillates at higher harmonics (l > 1), 
the deformation across the plate is periodic so that 
there is a significant probability for the photon to be 
diffracted by parallel quasi-crystallites. We therefore 
assume that the secondary extinction can be described 
by the expression exp(-gQ's) (Darwin, 1922), where 

- 

Q' = xQf(Aq). Since the secondary-extinction param- 
eter is now time dependent, we use its mean value g. 

The observed integrated reflectivities have been fitted 
by adjustment of the parameters 090, o b and x. This fit 
was performed for the 2.5 mm thick plate in the first 
order of diffraction for three different voltages U. For 
the 6 mm thick plate, we have performed the 
measurements with one value of U at two diffraction 
orders. In all cases the frequency corresponding to the 
7th harmonic with m = 1 was used. The observed and 
calculated reflectivities shown in Tables 1 and 2 are in 
good agreement, the difference between calculated and 
observed values being in general smaller than the 
experimental uncertainty. It can be noted that 
decreases for increasing values of ~00 while x is 
approximately constant. The deformation ~00 increases 
almost linearly with U. 

observed values can be reproduced by the mosaic- 
crystal model including primary and secondary extinc- 
tions (Dousse & Kern, 1980). From this study we 
deduced that the mean crystallite size is more than 
large enough to ensure equilibrium diffraction 
conditions. However, the crystallite-orientation distri- 
bution is locally narrower than the apparent angular 
source, especially if one takes into account the focal 
aberration due to imperfect crystal curvature. There- 
fore the peak reflectivity F 0 remains smaller than the 
limit value of 50%. At 109.78 keV, for example, in the 
first order of diffraction, it is only about 12% for the 
2.5 mm thick plate. 

(b) For small applied voltages, the induced deforma- 
tion ~00 is small and the quasi-crystallite size is still large 
enough for equilibrium diffraction conditions. Their 
distribution is, however, wider than originally and 
therefore better adapted to the source width. This 
produces an increase in peak reflectivity. 

(c) When tp0 increases, F also increases until the 
quasi-crystallite size becomes too small for equilibrium 
diffraction conditions. For large values of U, the 
quantity A q defined by (6a) will be much smaller than 
unity. Under these circumstances the peak reflectivity 
can be described by (Knowles, 1959) 

F ~_ (1/2){1 -- exp l -W(0)R]  }, (7) 

where R is the integrated reflectivity and W(0) the 
angular distribution of the quasi-crystallites for 0 = 0 B. 
The variation AFcan  be deduced from (7) 

AF= (1/2)expI-W(O)RIIW(O)AR + RAW(O)I. (8) 

Since the integrated reflectivity R increases with the 
applied voltage and tends toward an asymptotic value, 
the variation dR tends toward zero but remains 
positive. We will see that W(0) is a decreasing function 
of the deformation ~00 (Fig. 6), so that A W(O) is 
negative. Therefore, there exists a value of U for which 
AF vanishes. Under this condition F = f (U)  reaches a 
maximum, as observed experimentally (see Fig. 2). 

2.4. Increase in peak reflectivity and reflection r 
broadening o 

The increase in peak reflectivity is a function of the 
diffracted photon energy and of the diffraction order. 2.0- 
The angular width of the source may also play a role as 
shown later in this section. In Fig. 5 are presented the 
values of F/F o observed with the 2.5 mm thick crystal 1.5- 
for several energies and for the first three orders of 
diffraction. F 0 is the peak reflectivity for the crystal at 

l~ -  
rest (U = 0) and F is the peak reflectivity at resonance 
conditions using a voltage U such that the line 
broadening remains less than 5 %. 

Fis  larger than F 0 for the following reasons: 
(a) Integrated reflectivity measurements on the two 

quartz lamina under normal conditions, i.e. without 
application of any electric field, have shown that the 

Quartz 2.5mm 

n = 3  

0.5 E 
5'0 lOO 1 ~  ~ 2 ~  : ~  - Ik=vl 

Fig.  5. V a r i a t i o n  o f  the  r a t i o  F / F  o as  a func t ion  o f  the  d i f f r ac t ed  
p h o t o n  e n e r g y  a n d  o f  the  d i f f r ac t ion  o rde r .  T h e  d a t a  have  been  
t a k e n  with  the  2 .5  m m  th ick  p la te  us ing  the  seven th  h a r m o n i c .  
The  line w iden ing  is negl igible .  
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We have computed the angular quasi-crystallite 
distribution W(tp) for different values of ~00 with the 
assumption that w(~0), the distribution at zero field, can 
be represented by a Gaussian distribution having a 
F W H M  equal to 3 arc sec. The results are presented in 
Fig. 6, where the F W H M  of W(t0) and the ratio 
W(O)/w(O) are plotted as functions of ~00. We have 
found experimentally (Fig. 2) that o~ does not increase 
appreciably for small voltages of the order of one volt. 
This feature is reproduced by the calculation (Fig. 6). 
For quantitative comparison, ~00 must be calibrated as a 
function of U. As shown in Table 1, a voltage U =  5 
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Fig. 6. Effect of the deformation ~00 on the FWHM 09 of the 
distribution W(~0) and on its normalized height W(O)/w(O). The 
dots represented calculated values. It has been assumed that the 
intrinsic mosaicity of  the crystal can be represented by a 
Gaussian distribution having a FWHM of 3 arc sec. 
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Fig. 7. Effect of the apparent angular source width o9 s on the 
crystal peak reflectivity: (a) in normal conditions (Fo); (b) with 
the AC effect (F). The measurements have been performed with 
67.8 keV photons diffracted in first order by the 6 mm thick 
crystal. 

volts produces a deformation ~00 = 1.8 arc sec. We 
calculate that the corresponding peak widening is 1.5 
arc sec (Fig. 6), in good agreement with observed value 
of 1.6 arc sec (Fig. 2). 

In the above results the source width has not been 
taken into account. To illustrate the effect of this 
parameter, we have observed the peak reflectivities F 
and F 0 as a function of the apparent source angular 
width o9 s (Fig. 7). One can deduce from this figure that 
the ratio F/F o is approximately 1.9 for source widths 
smaller or equal to 3.5 arc sec, which represents the 
effective line width contributed by the crystal and the 
bending blocks. For larger values of 09 s this ratio 
increases. It is, for instance, 3 for tos = 7 arc sec. This 
phenomenon has the following explanation. The peak 
reflectivity is largest when the line width of the crystal 
matches the apparent source width (see Fig. 7, bottom 
curve). Because of the wider angular distribution 
induced by the AC effect, the optimal conditions can be 
obtained even if the source width surpasses the crystal 
resolution at rest. In other words, the peak reflectivity F 
in the AC mode can retain its maximum value even 
when the source thickness becomes large. Since the 
reflectivity F 0 of the crystal at rest decreases under 
these conditions, the ratio F/F o becomes larger. 

2.5. Final remarks 

Our study of the AC effect on two quartz plates can 
be summarized as follows: 

- T h e  effect is instantaneous. The increase of R and 
F occurs as soon as the crystal is excited by the electric 
field. There is no remanence. 

- The crystal is not damaged by the oscillations. 
- T h e  effect only occurs if the deformation relating 

to the x~ direction (see Fig. 3) does not vanish. For a 
particular plate orientation, application of the piezo- 
electric equations (see §3.2) will verify if this condition 
is fulfilled. 

- T h e  centre of gravity of the diffraction line is not 
shifted because the deformation alternates in sign. 

- T h e  increase in integrated refiectivity depends on 
the photon energy and on the order of diffraction. For 

. Is-~l  
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0.2- 
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,% 
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Fig. 8. Reflection observed with 57.98 keV X-rays diffracted in 
first order by the 6 mm thick plate: (a) without electric field 
(normal conditions); (b) with the AC effect (f7 -- 2272.0 kHz, 
U-- 15V). 
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the first and second orders, and for energies below I00 
keV, this increase may be quite significant. The AC 
effect is useful whenever a slight loss in resolution can 
be accepted. This would apply for the first crystal of a 
double flat crystal spectrometer. 

- T h e  increase in peak reflectivity also depends on 
the energy and order of diffraction, along with the 
source thickness. For a thin source, at low energy and 
of first order, the height of a peak can be more than 
doubled without appreciable loss in resolution, even for 
FWHM's as small as 3 arc sec. For thick sources, or in 
the observation of X-rays with a sizeable natural width, 
the peak reflectivity may be multiplied by a factor of 
five or more. Fig. 8 illustrates the power of the method. 
Curve (a) shows a weak peak nearly submerged in 
background fluctuations. Its intensity is strongly 
enhanced by the AC effect (curve b) so that the peak 
clearly emerges. 

3. The DC effect 

3.1. Preliminao, remarks 

Under a direct high voltage, a rotation of the 
diffraction planes is observed. The peaks are shifted by 
an angle proportional to the applied voltage (see §3.2). 
When high tension is maintained, it is observed that 
after some time the reflectivity begins to increase until it 
reaches a maximum value which depends on the 
voltage, the energy of the diffracted photons, and the 
order of diffraction. When the voltage is switched off, 
the reflectivity decreases very slowly, approaching its 
original (normal) value asymptotically (see Fig. 9). 

If the high voltage does not exceed a critical value 
(about 6000 volts for our 2.5 mm crystal) and if the 
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Fig. 9. Relative increase in integrated reflectivity of the (110) planes 
of a 2.5 mm thick quartz plate as a function of time and of the 
applied voltage• The measurements have been performed with 
197.97 keV photons diffracted in first order. 

experiment does not last too long, the width of the lines 
remains unchanged. The explanation for the effect is 
similar to that for the AC effect. In this case, we also 
have an appearance of quasi-mosaicity. However, its 
origin is quite different• The high voltage induces a 
polarization in the crystal and an electric counter field 
builds up. This field is not homogeneous but its strength 
depends on the coordinate x 2. The angle of rotation of 
the diffraction planes is then a function of this same 
coordinate, causing a deformation of the planes. The 
consequences are similar to that observed with the AC 
effect. An important difference is that the deformation 
is nearly time independent, and not fluctuating rapidly. 
This leads to an even greater increase in peak 
reflectivity. 

3.2. Rotation of the diffraction planes 

The rotation of the diffraction planes is due to the 
reciprocal piezoelectric effect, given in matrix notation 
by 

3 
e ,= Z d,,,,E,,, (9) 

m----I  

where E m is the m component of the electric field E and 
dm, a component of the piezoelectric matrix. In the 
coordinate system defined by Fig. 3(a), the piezo- 
electric coefficients of quartz have the following values 
at 293 K (Kleber, Meyer & Sch6nborn, 1968): 

(_ii3 23 o o,5 0 o) 
[d,,,) = 0. 0. 0. - 0 . 8 5  4.6 x 10 -12m V -I. 

0. 0. 0. 0. 0. (10) 

The angular rotation of the planes (1 I0) is given by 

A0 = c6 = d26 E2. (I I) 

.3 0 
I . . . . .  ) 

~o- (a) 

1.5- 

, o- (b) 

0.5" 

- 5  - 4  -3 - 2  - I  | n  

L J • 1 2 3 

. - 0 . 5 -  

- 1 . 0 -  

- 1 , 5 -  

F i g .  10. Angular rotation AO of the (110) planes as a function of the 
high voltage on the electrodes of (a) a 2.5 mm, and (b) a 6 mm 
thick quartz plate. 
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Relation (1 1) predicts a rotation of 0.38 arc sec/1000 
V for a 2.5 mm thick plate and of 0- 16 arc sec/1000 V 
for a 6 mm thick plate. These values are in good 
agreement with the observed slopes of 0.40 and 0.17 
arc sec/1000 V respectively (Fig. 10). 

3.3. Crystal polarization and D C  quasi-mosaicity 

The electric potential due to the external voltage U 0 
across the plate is given by 

V( x2) = - U o  x2/s. (12) 

The electric field E is constant, 

IEI = E 2 = - - d V / d x  2 = Uo/s. (13) 

Although quartz is a good insulator, flee charge 
carriers are always present because of the unavoidable 
impurities and crystal defects in a real structure. When 
high voltage is applied to the electrodes, these charges 
begin to move and to accumulate near the electrodes. A 
counter field results from this polarization phenom- 
enon. This field builds up only slowly. It is not a 
uniform field, so that (13) no longer applies. The 
electric potential is approximated by the following 
relation (Ioffe, 1915): 

V(x2) = --Uox2/s + Ut sin(2~x2/s ), (14) 

where U t characterizes the degree of crystal polari- 
zation. This parameter depends on time, on the number 
of free carriers, on their mobility, and so on. The 
electric field corresponding to the potential (14) is 
obtained by differentiation: 

E2(x 2) = Uo/s[ 1 - u t cos(2nx2/s)], (15) 

where u t = 2rcUt/U o. 

Since E2 is not constant across the plate, the angle of 
rotation ~0 of the diffraction planes will also be 
dependent on x2. Using (11) we obtain 

tp(x 2) = d26E2(x 2) -- ~00[1 - u t cos(2~rx2/s)]. (16) 

~Po = d26Uo/s  is the angle of rotation of the diffraction 
planes without space-charge effects. 

In Fig. 11 are presented schematically the (110) 
diffraction planes, the potential V(x2) and the electric 
field E2(x2) at two different times. The first time 
corresponds to the moment t o when the tension has just 
been applied to the crystal. At the second time some 
polarization has already built up. The change of 
orientation of the diffraction planes with respect to their 
situation at the time t o is given by 

~(X2) : ~P(X2) -- tpo:--UttPoCOS(27tX2/S ). (17) 

It is clear from (17) that the relative orientation 
depends on x 2 and that the diffraction planes are 
deformed. As with the AC effect, we define a 
quasi-mosaicity responsible for the observed increase of 
reflectivity. Use of a procedure similar to that pro- 
posed in §2.3 leads to the following results: 

t o = mos/(4Ut¢o), (18) 

RDc = KQSf(aq) expI-g t ,  cxQsf(Aq)]. (19) 

A o is obtained by replacing t o in relation (6a) by its DC 
value. As before, the secondary-extinction parameter 
goc, which depends on the disorientation of the 
quasi-crystallites, will decrease with u r 

The measurement of the integrated reflectivity of a 
crystal as a function of the energy and diffraction 
orders is a time-consuming operation. When the DC 
effect is used, one has to be especially cautious, since a 
high voltage cannot be applied for abitrary lengths of 
time. A decrease in voltage is recommended once the 

t ' t o  

x• 
V(x~) E2(x ,)  

'-" ~ ~ ' P . .  

• I- x ~  - . _ _ ~ x  2 . 

J 

x i V(x~) 

l . . . . .  , 

quas i -c rys ta l i i te  

E2(x2) 

. ____ I  • _ +  

: u .  ', 

! : i ' :  : 
: , ~ ; • x 2 

Fig. 11. Schematic shape of the (110) planes, potential V(x2) and 
electric field E2(x2) distributions across the plate due to the 
polarization induced by the high voltage after a few hours. 
Umt x = (1 + ut)U o, Urn,  . = (1 - ut)Uo. 
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Fig. 12. Variation of the peak reflectivity as a function of time for 
various values and polarities of the high voltage applied on 
electrodes of the 2.5 mm thick crystal. The irradiation was 
performed with a 1 Ci (3.7 x 10 m Bq) 169Yb source at a distance 
of 100 mm from the crystal and a time of 15 min. For these 
measurements, the 109.78 keV photons have been used in first 
order. 
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maximum reflectivity has been reached, thereby 
avoiding the occurrence of irreversible defects. The 
value of this reduced voltage has to be found 
empirically. As an illustration, it is shown in Fig. 12 
that a voltage of 2000 V, used for test purposes after 
the crystal has been polarized under a 5000 V potential, 
was unable to maintain the optimal conditions. We 
therefore gave up quantitative verifications of relations 
(18) and (19). The following qualitative observations 
are offered: 

- For some time after the application of the electric 
field, the polarization is low, so that ut~00 < m D. The 
induced quasi-mosaicity is too small to influence the 
reflectivity. The duration of this time lag depends on 
several factors which influence the number and the 
mobility of the charge carriers. In the case presented in 
Fig. 12, this time lag is about 3.5 h. 

- Relation (17) shows that the disorientation ( of the 
diffraction planes is proportional to tp0. Since ~00 is itself 
proportional to U 0, it is obvious that the DC effect will 
increase at high voltages. This is in agreement with the 
results shown in Fig. 9. 

- O n e  way to increase the number of free charge 
carriers ~s to subject the plate to intense ionizing 
radiation. The build up of polarization is then strongly 
enhanced and the reflectivity increases more rapidly, as 
demonstrated in Fig. 12. 

- Heating the crystal increases both the number and 
the mobility of the free charge carriers, and speeds up 
the formation of space-charge effects and the increase 
in reflectivity. This hypothesis is borne out by experi- 
ment, as shown in Fig. 13. 

- F i n a l l y ,  when the polarity of the external voltage 
on the electrodes is reversed, electric charges move in 
the opposite direction. This migration tends first to 
reduce (faster than voltage removal, see Fig. 9) the 
original polarization and the plane disorientation, until 

a reverse polarization appears. This is in accordance 
with the observed variation of the reflectivity (Fig. 12). 

3.4. lncrease in peak reflectivity and reflection 
broadening 

The DC effect permits larger increases in peak 
reflectivity than the AC effect. Moreover, the line 
widening is less important. These remarks are sup- 
ported by a comparison of Figs. 1 and 14, where the 
two effects are compared under similar conditions. In 
both cases the mechanism which provokes the increase 
is similar so that the considerations given in § 2.4 are 
also valid for the DC effect. With regard to the 
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Fig. 14. Reflections due to 109.78 keV photons diffracted in first 
order by the 2.5 mm thick plate: (a) without electric field; (b) 
with the DC effect (U 0 = 5000 V, t = 15 h). 
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Fig. 13. Increase in peak reflectivity as a function of temperature 
observed with 109.78 keV photons diffracted in first order by 
the 2.5 mm thick plate. The time interval (t~,t2) was used for 
heating the crystal. 
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Fig. 15. Ratio F / F  o as a function of the diffracted photon energies 
for three orders of reflection. The measurement was performed 
on the 2.5 mm thick plate. The polarization was obtained by 
application of a 5000 V high voltage for 15 h and maintained by 
3000 V. Peak widening is negligible. 
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differences noted previously, they can be explained as 
follows: 

The peak reflectivity can reach the maximum 
theoretical limit of 50% only if the following conditions 
are satisfied: 

(a) The quantity Aq has to be sufficiently large to 
ensure the diffraction equilibrium. 

(b) The width of the angular distribution of the 
quasi-crystallites must be large enough so that any 
photon from the source will pass through a properly 
oriented quasi-crystallite. 

For equal deformations, i.e. for q~,c = Ut~oDC, and for 
all harmonics larger than first order, the AC quasi- 
crystallites will always be smaller than the DC 
quasi-crystallites. Condition (a) is therefore not as well 
satisfied for the AC effect as for the DC case. In 
addition, the local quasi-crystallite orientation cannot 
completely match the angular source width M s because 
q~,c is modulated by the time dependence. 

As for the AC effect, the relative increase in peak 
reflectivity F/F o is a function of energy and of 
diffraction order. These dependencies are illustrated in 
Fig. 15. Condition (a) is less well satisfied when E v and 
n are increasing. This explains the observed trends. 

To calculate the line widening due to the DC effect, 
we have proceeded as in § 2.4. The schematic repre- 
sentations in Fig. 6 are also valid here, but q~0 c must be 
replaced by ut~o~ c. In our measurements the apparent 
angular source width was 2 arc sec. For the ideal case 
of a perfect crystal, the deformation ut~o gc would need 
to be 1 arc sec to obtain a complete overlap of the 
quasi-crystallite angular orientation with the source. 
For a 5000 V high voltage, the rotation ~00 of the (110) 
planes amounts to 2 arc sec (see Fig. 10). In this case, 
we would need to achieve a degree of polarization such 
that u t = 0.5. According to Fig. 6, the peak widening 
should then amount to about 0.5 arc sec. No widening 
has been observed experimentally (see, for instance, 
Fig. 14). In fact a much smaller value of u t was 
required since we are not dealing with an ideal crystal 
and since the lattice orientation has a non-vanishing 
distribution width. 

3.5. Conclusion 

Our results on the DC effect may be summarized as 
follows: 

- T h e  DC effect is basically more difficult to use 
than the AC effect. High voltages are required and the 
reflectivity increases only slowly. It is not easy to 
maintain the polarization over long periods of time. 
These problems do not appear in the AC effect. They 
are, however, not insoluble. As a counterpart, for thin 
sources, the relative increase in peak reflectivity is 
larger and the line widening less important. 

- T h e  reflection centre of gravity is not expected to 
drift if the polarization remains constant during the 
experiment. At low energies some line shift could 

appear, since the front and rear parts of the crystal may 
contribute unequally. A measurement of the peak at 
positive and negative angles should, however, cancel 
out such an effect. 

- F o r  technical reasons it is difficult to work with 
very high voltages. Therefore, only crystals of limited 
thickness are usable and it is not possible to match very 
broad source widths. 

- T h e  peak widening should be negligible only if its 
original width is appreciably larger than ut~ o. 

- As in the AC case, the DC effect will appear only 
if the electric field produces a rotation of the dif- 
fraction planes. 

We express our gratitude to Professor O. Huber, 
Head of the Department, for his constant support. We 
would like to thank Drs R. D. Deslattes, A. Burek and 
W. Schwitz, US National Bureau of Standards, for 
their helpful remarks and suggestions. We also thank 
Mr H. Tschopp and Mr Ch. RhYme who have built to 
our specifications the instruments necessary for the 
present investigations. The help of Mrs Th. Chassot, of 
Miss B. Piccand and of Mr J.-P. Jenny in the 
preparation of this manuscript is gratefully 
acknowledged. 

R e f e r e n c e s  

BEER, W., DOUSSE, J.-CL., KERN, J., PILLER, O. & SCHWITZ, 
W. (1976). Bull. Soc. Frib. Sci. Nat. 65(1), 18-38. 

DARWIN, C. G. (1922). Philos. Mag. 43, 800-829. 
DOUSSE, J.-CL. & KERN, J. (1976). Phys. Lett. A, 59, 

159-162. 
DOUSSE, J.-CL. & KERN, J. (1980). Helv. Phys. Acta. 

In the press. 
DUMOND, J. W. M. (1947). Rev. Sci. Instrum. 18, 626-638. 
EKSTEIN, H. (1945). Phys. Rev. 68, 11-23. 
FOX, G. W. & CARR, P. H. (1931). Phys. Rev. 37, 

1622-1625. 
IOEEE, A. F. (1915). Selected Topics, Vol. I, pp. 32-124. 

Leningrad: Nauk a ( 1974). 
JAMES, R. W. (1967). The Optical Principles of the 

Diffraction of X-Rays, edited by W. L. BRAGG, pp. 51, 65. 
London: Bell. 

KENNEY, E. S., JEEEERIES, J. O. E. & JACOaS, A. M. (1974). 
Nucl. Instrum. Methods, 117, 391-396. 

KLEBER, W., MEYER, K. & SCHONBORN, W. (1968). 
Einfiihrung in die Kristallphysik, p. 80. Berlin: Akademie 
Verlag. 

KNOWLES, J. (1959). Can. J. Phys. 37, 203. 
LAPIN, E. G., SAMSONOV, V. M., SUMBAYEV, O. I. & TUNIS, 

A. V. (1976). Piezo-Quasi-Mosaic Effect in X-ray 
Diffraction. Report 250, Univ. of Leningrad. 

MASON, W. P. (1943). Bell. Syst. Tech. J. 22, 178-223. 
SCHWITZ, W., KERN, J. & LANNERS, R. (1978). Nucl. 

Instrum. Methods, 153, 105-115. 
SPENCER, W. J. (1968). Physical Acoustics, Vol. V, pp. 111- 

161. New York: Academic Press. 
SYKES, R. A. (1944). Bell. Syst. Tech. J. 23, 52-96. 
ZACHARIASEN, W. (1946). Theory of X-ray Diffraction, p. 

169. New York: John Wiley. 


