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Abstract— The possibilities of a previously proposed technique for determining the characteristic sizes of 
microblocks in mosaic aa-class crystals have been analyzed. Determination is performed according to the 
ratio between the measured and calculated values for the diffraction suppression of the fixed-energy 
bremsstrahlung yield. The limits of applicability of the technique have been revealed. It is demonstrated that 
the technique can be implemented in an electron accelerator with the average energy Ee ~ 30—40 MeV and 
long baselines making it possible to use crystal-diffraction spectrometers. The influence of microblock sizes 
on coherent electromagnetic processes in real crystals is discussed.

INTRODUCTION

The ordered arrangement of atoms of a condensed 
material leads to the orientational and interferential 
effects observed in the yield of secondary processes, 
which arise from the penetration of fast electrons into 
the material. The interdependence between a target’s 
structure and the yield of secondary processes enables 
us to analyze the target’s structure on the basis of mea
surement data. For example, the locations of impuri
ties in a crystal lattice can be estimated according to 
the yield of backscattered channeled ions, and the 
potential shape, electron density, the amplitude of 
thermal oscillations of lattice atoms, and so forth can 
be defined more exactly during fast electron channel
ing [1, 2].

In this series is also the problem concerning the 
qualitative and structural analysis of crystal samples, 
i.e., the determination of extrinsic impurities, mosaic 
blocks, and the distributions of microblocks over the 
angle of disorientation with respect to the main direc
tion and over sizes and the characteristics of hard elec
tromagnetic radiation generated by the passage of fast 
electrons. This approach is advantageous due to the 
high penetration capability of radiation and visualiza
tion of interpretation. These properties are most dis
tinctly implemented in analyzing the microstructure 
of thick samples and solving the problem of estimating 
the characteristic sizes of blocks, where X-ray diffrac
tion analysis cannot ensure quality control of the 
structure.

From the standpoint of the degree of perfection, 
crystals are known to be classified by two criteria: the 
size of regular blocks (or regions) and the degree of 
mutual disorientation of the blocks [3]. The first crite
rion enables us to divide all crystals into a and 
b classes. In «-class crystals, blocks are large enough to

manifest the conspicuous effect of primary extinction; 
i.e., their linear sizes are commensurable with primary 
extinction length /ex. /»-class crystals contain only reg
ular blocks of small size. Hence, the effect of primary 
extinction is hardly observable. According to the sec
ond criterion, crystals can be divided into a  and 
P classes, a-class crystals have almost parallel blocks, 
and their mutual disorientation is small. As a result, 
the contribution of secondary extinction is insignifi
cant. In P-class crystals, the distribution of blocks is 
irregular, leading to the low contribution of secondary 
extinction. When the disorientation of microblocks is 
smaller than the X-ray total reflection region A0 
(the Darwin table width), the limits of aa  and 
Z?P classes are perfect and ideal mosaic crystals, 
respectively.

As is evident from the foregoing, the most compli
cated problem is determination of the characteristic 
sizes of blocks, which often affects the possibility of 
the practical usage of crystals. To extract beams from 
high-energy accelerators [4], perfect crystals, or at 
least «a-class ones, are necessary. In medicine [5], 
X-ray and gamma-ray astronomy [6], and the creation 
of intense quasi-monochromatic neutron beams [7], 
mosaic crystals of ba class are required. It should be 
emphasized that one or another class of crystals is not 
once and for all specified due to its coupling with the 
quantity /ex, determined by the order of reflection and 
the photon energy [3]. In other words, the same sam
ple can belong to different classes, depending on the 
reflection order or the photon energy [8].

The direct measurement of microblock sizes with 
the help of X-ray beams is a complex experimental 
problem and can be implemented only in analysis of 
surface layers [9]. This problem can be solved via elec
tron microscopy as applied to thin polycrystalline and
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Fig. 1. Experimental equipment scheme [12]: W is the tungsten crystal, M is the purifying magnet, PG is the pyrolytic graphite 
crystal, and N al is the Nal(Tl) spectrometer.

crystalline samples if the disorientation angles of 
neighboring blocks and their sizes exceed the diver
gence and linear sizes of the electron beam on the tar
get [10]. If thin crystalline targets (for example, metal
lic crystals) cannot be produced without structural 
violations, electron microscopy will not provide the 
necessary information.

When fast electrons are employed instead of X-rays 
with a fixed wavelength or electron microscopy meth
ods, more qualitative data on the microstructure of 
thick crystals can be obtained by varying the observa
tion angle [8] and the photon energy recorded [11], in 
particular, it is possible to estimate the characteristic 
sizes of microblocks. Hence, estimating the quality of 
the crystal structure, as well as determining the char
acteristic sizes of microblocks via radiation generated 
by fast electrons passing through them, are important 
and topical problems.

EXPERIMENTAL EQUIPMENT 
AND MEASUREMENT TECHNIQUE

Our technique for estimating the characteristic 
sizes of microblocks in aa-class crystals is based on 
experimental results [12], in which parametric X-ray 
radiation (PXR) was sought and investigated at small 
angles to the particle velocity in a tungsten crystal. The 
scheme of the experiment is shown in Fig. 1. Electrons 
accelerated up to the final energy E0 = 500 MeV hit a 
monocrystalline target mounted in a goniometer. The 
radiation under study passed through a collimator, was 
purified by a magnet, and came into an experimental 
hall with recording equipment. The experimental 
equipment’s characteristics and the data measurement 
and processing technique are reported in [11—13].

Measurements were performed using a cylindrical 
tungsten monocrystal 08.5 mm in diameter and
0.41 mm3 long with the (111) orientation and the sur
face mosaicity a m < 0.2 mrad. The crystal was 
arranged in the goniometer so that its (112) plane was 
rotated relative to the vertical plane at the angle P = 
3.5° ± 0.2°. Such an arrangement made it possible to

investigate the orientation effects created by the 
(112) plane and two ( 110)-type planes rotated around 
it by 30°.

Two crystal-diffraction spectrometers based on 
mosaic pyrolytic graphite (PG) crystals with dimen
sions of 2.5 x 6.5 x 22.5 and 3.5 x 5.5 x 20 mm were 
used to extract the fixed-energy radiation. The crystals 
were mounted in goniometers at distances of 13—15 m 
from the tungsten crystal generating the radiation 
under study. The diffracted radiation was recorded by 
Nal(Tl) detectors, each 40 mm in diameter and 1 mm3 
long. The distance between the detectors and the 
graphite crystals was 3—5 m. The mosaicity distribu
tions of the graphite crystals were determined by mea
suring the diffraction curve and identifying the diffrac
tion peak at each angle of the detector’s position used 
in the experiment [13].

The energy resolution of spectrometers depends 
weakly on the crystal mosaicity under the conditions 
mentioned above, and its values are determined by the 
angular apertures of the spectrometers and the colli
mation angle of the diffracted radiation. In the diffrac
tion (horizontal) plane, the radiation collimation 
angle A 0 V = 0.4—0.7 mrad. Hence, the spectrometer 
resolution A®/® ~ 0.5—2%, depending on the input 
energy of the diffractometers. Since Nal(Tl) crystals 
1 mm thick and differential discriminators were cho
sen as detectors, only the first allowable order of 
reflection was determined, the background was sub
stantially decreased, and the attained peak/substrate 
ratio of a diffraction curve was about 20—70, depend
ing on the photon energy recorded. In other words, the 
contribution of background photons with energies dif
fering from the fixed value did not exceed 1.5—5%.

From the viewpoint of the posed problem, the most 
important experimental result [12] was the discovery 
of diffraction suppression of the bremsstrahlung yield,
i.e., minima in the orientation dependences (ODs) of 
the yield of high-energy photons with co ~ yco/r Here, 
y is the Lorentz coefficient and co„ is the plasma fre
quency of a medium (Fig. 2). The positions of the 
minima corresponded to the kinematic conditions of
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Fig. 2. ODs of the X-ray yield from the tungsten crystal in 
the experiment [12]: co = (7) 96 and (2) 67 keV.

diffraction of the aforementioned photons with an 
error of less than 1%. The depth of the minima varied 
from -15 (co = 67 keV) to -10% (co > 90 keV). The full 
width of the minima was about 1.5—2.5 mrad.

With allowance for the spectrometer’s efficiency 
and the contribution of transient radiation from the 
output face of the crystal, the ODs of the X-ray yield 
have been calculated in [11] under experimental con
ditions [12]. The calculations were carried out with the 
help of an approximate technique for evaluating 
bremsstrahlung diffraction in perfect crystals [ 14]. The 
evaluated data have demonstrated that the positions of 
the minima that appeared agree well with calculations 
involving weak reflections of the (112) and (220) 
planes. However, for the (110)-type planes and photon 
energies of 67 and 96 keV, the dip depths of the calcu
lated ODs turned out to be -2.5 and -1.5%, respec
tively. Thus, they were less than the experimental dips 
(-15 and -10%, respectively) by a factor of about 5. 
The widths of the calculated curves were less than 
those of the experimental curves by a factor of approx
imately 1.5—2. In comparison of the calculated and 
measured results, the spectral distributions of the effi
ciency of the crystal-diffraction spectrometers, which 
were obtained using the specially developed technique 
for evaluating the spectrometer efficiency on the basis 
of mosaic 6-class crystals with the help of statistical 
simulation [15], were used.

Relying on the results discussed above and pro
ceeding from the fact that the dynamic effect in the 
radiation of fast electrons, which by default confirms 
the structure’s perfection— PXR along the particle 
velocity, i.e., the so-called forward PXR— was 
observed for the first time in the experiment [12], the 
authors of [ 11 ] attributed the used tungsten crystal to 
the a a  class and proposed estimation of the sizes of 
perfect blocks in such crystals via two methods: 
according to the degree of FPXR at photon energies 
co < y(op and bremsstrahlung diffraction at energies

co > yo)p (i.e., the ratio between the experimentally 
determined diffraction suppression of the fixed- 
energy photon yield in a mosaic crystal and calcula
tions or measured results obtained for a perfect crys
tal). In implementation of the first method, it is neces
sary to employ an accelerator with an energy of about 
1 GeV, which is economically unjustified. Hence, the 
second method is of interest and can find application 
because such measurement can be performed by 
means of lower-energy accelerators.

ESTIMATION OF BLOCK SIZES 
FROM DIFFRACTION SUPPRESSION 
OF THE BREMSSTRAHLUNG YIELD

In mosaic crystals, the characteristic sizes of 
microblocks are estimated via the technique based on 
diffraction suppression of the bremsstrahlung yield
[11] and two assumptions. The first is that the crystal 
under study is a mosaic aa-class crystal. In other 
words, typical microblock sizes are substantially 
greater than the primary extinction length /ex for the 
given reflection order and photon energy co. The sec
ond implies the negligibly small probability that a dif
fracted photon will be repeatedly reflected in other 
microblocks.

In the case of the crystal used in the experiment
[12], the first assumption is valid because the first time 
that forward PXR was detected was implemented 
under the corresponding condition. The dip arising in 
the high-energy photon yield, the depth of which 
noticeably exceeds the contribution of diffraction sup
pression of the high-energy photon yield in perfect 
crystals, is unambiguous evidence of mosaic structure 
along the photon beam direction because there is no 
other reason for the level of suppression observed in 
the experiment. Other evidence is the dip width which 
appreciably exceeds the value predicted by calcula
tions for a perfect crystal. In the case of any other crys
tal, fulfillment of the assumption must undoubtedly be 
checked.

The surface mosaicity of the tungsten crystal used 
in the experiment [12] was am< 0.2 mrad. However, 
this value actually corresponds to the sensitivity of the 
procedure of certification of crystal surfaces. Thus, the 
true volume mosaicity can be either less or greater than 
this value and is comparable with the total reflection 
region À 0 -  0.03 mrad. Hence, for determination of 
the limits of the applicability of technique [11], sup
plementary investigations into the influence of 
repeated reflections on the determined extent of sup
pression are necessary.

To obtain an exact solution to the problem con
cerning the contribution of repeated reflections, the 
unknown microblock distributions over the angles of 
disorientation and over sizes are necessary, which, 
strictly speaking, must be revealed from measurement 
results. Hence, we will analyze how these parameters 
affect the measured fixed-energy photon yields when
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Fig. 3. OD of the yield of photons with co = 67 keV. Dots 
designate the experimental data [12]. Curves 1—3 are 
obtained for a perfect crystal and <jm = 0.2 and 0.5 mrad, 
respectively.

n

Fig. 4. Dependences of the quantity Wn on the crystal 
mosaicity. Here, unfilled and filled circles, triangles, and 
pluses were obtained at <jm = 0.2, 0.5, 2, and 10 mrad, 
respectively.

the crystal of interest belongs to the ba class. Analysis 
is performed via the simulation technique [15] which 
is developed for such crystals and rather well describes 
the measured results. In [11, 16], this approach was 
employed to calculate the efficiency of crystal-diffrac- 
tion spectrometers.

The measured OD of the yield of photons with co = 
67 keV and three ODs calculated for tungsten crystals 
0.41 mm thick with perfect and two mosaic micro
structures are compared in Fig. 3. The perfect crystal 
yields were determined by means of the technique 
reported in [14]. The data on the mosaic crystals with 
am = 0.2 and 0.5 mrad were calculated via the tech
nique described in [15], i.e., under the assumptions 
that the characteristic sizes of the microblocks of a 
mosaic crystal are smaller than the primary extinction 
length of photons with this energy (/ex «3.1 jam) and 
the number of blocks within the absorption length /a« 
183 jam exceeds 50—100 (dependences 1—3). The cal
culations were performed with allowance for the effi
ciency and angular capture of the crystal-diffraction 
spectrometer. The measured results were normalized 
to the calculated data in the region without the influ
ence of diffraction effects. The experimental errors are 
statistical and do not contain errors of normalization 
and determination of the Nal(Tl) detector used in the 
cited work.

It is seen in Fig. 3 that the mosaic crystals have 
wider dips than the perfect crystal and their depths are 
considerably larger. As might be expected, none of the 
dependences coincides with the measured results 
because the tungsten crystal used in the experiment
[12] has the aa class instead of ba. However, its esti
mated volume mosaicity is close to am * 0.2 mrad 
because curve 2 with am = 0.2 mrad exhibits better 
agreement with the experimental dependence than 
curve 3 with am = 0.5 mrad.

As is clear from Fig. 3, diffraction suppression 
hardly depends on changes in the quantity o,„ and is 
about 45% in both cases. For mosaic Z>-class crystals, 
the X-ray reflectance Q ~ z}, and the reflection proba
bility W ~  £>/cr^ [15]. Hence, for small values of am, 
the re-reflection probability abruptly increases. To 
confirm the aforesaid, the calculated quantity Wn, i.e., 
the probability that a photon undergoes no less than 
n reflections before its absorption in or escape from a 
crystal (the value averaged over the energy capture of 
the spectrometer), is presented in Fig. 4. The value of 
n varies from unity to 17— 18, depending on the mosaicity 
<3m. Calculations were performed under the conditions of 
the experiment [12] and for four values of am.

It is seen from Fig. 4 that the probability of one or 
more reflections is greater in the crystal with am = 
0.2 mrad (-65%) than in the crystal with am = 
0.5 mrad (-46%) and exceeds the diffraction suppres
sion of the photon yield (-45%). The total suppression 
of the bremsstrahlung yield is determined by the ratio 
between odd and even reflections. Odd reflections 
reduce the recorded yield, while even ones partially 
compensate for this loss (Fig. 5).

It follows from Fig.5 that, at g,„ = 0.2 mrad, the 
percentage of photons that experienced only one 
reflection corresponding to the observed diffraction 
suppression (-23%) is significantly smaller than the 
diffraction suppression (-45%) and is somewhat 
smaller than the value inherent to the crystal with am = 
0.5 mrad (-26%). At the same time, the probability of 
all subsequent reflections in the crystal with a smaller 
value of am is substantially higher. Thus, for these two 
crystals, the resultant suppressions of the yield turn out 
to be closely coincident (Fig. 3, curves 2, 3). With 
increasing characteristic angle of mosaicity, the prob
ability of multiple reflections abruptly decreases. In 
the case of the photon energy co = 67 keV, the proba-
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Fig. 5. Dependences of the reflection probability on the 
crystal mosaicity. Here, unfilled and filled circles, trian
gles, and pluses were obtained at a m = 0.2, 0.5, 2, and 
10 mrad, respectively.

bility of repeated reflection is less than the probability 
of single reflection by a factor of 10. Therefore, at large 
values of a m, the effect of multiple reflections can be 
disregarded. It should be emphasized that the reflec
tance of /»-class crystals is Q ~ X2. Hence, when the 
photon energy changes, the limiting a m, at which the 
re-reflection effect can be disregarded, must be deter
mined once again.

The performed analysis indicates the significantly 
different diffraction suppression of the radiation yield 
obtained with and without allowance for multiple 
reflections. For aa-class crystals, the situation is much 
more complicated because data on the size distribu
tion of blocks are not available. In this case, exact sta
tistical analysis is impossible. It is likely that such a 
problem can be solved via the convergence method 
with the help of information on the distributions of 
blocks over disorientation angles and sizes.

If the aforementioned data are not available, the 
number and characteristic sizes of blocks can be deter
mined by means of a technique based on the diffrac
tion suppression of the photon yield. However, in this 
case, the determined suppression must be substantially 
smaller than the suppression corresponding to the 
/»«-class crystal with the same value of am. If this con
dition is not satisfied and they are commensurable, the 
number of blocks turns out to be underestimated, and, 
on the contrary, the characteristic size is significantly 
overestimated. This difficulty can be surmounted with 
the help of weaker orders of reflection, at which the 
characteristic angular region of total reflection and, 
accordingly, the re-reflection probability become 
appreciably smaller.

For the tungsten crystal used in the experiment [12] 
and the photon energy co = 67 keV, this condition is 
fulfilled. The determined diffraction suppression of 
the radiation yield (-17%) (Fig. 3) is much smaller 
than the suppression calculated for the /»«-class crystal

with the same thickness and characteristic angle of 
mosaicity (-45%). Hence, the ratio between the 
depths of the experimental and calculated minima in 
the radiation yield (-5.4) [16] can be chosen as the 
estimated number of blocks along the photon path in a 
crystal.

As was noted above, the diffraction suppression 
inherent to a perfect crystal (Fig. 3, curve 1) was cal
culated under the assumption that the diffraction pro
cess is not affected by photon absorption [ 14]. When a 
mono directional and monoenergetic photon beam 
and blocks with a thickness of up to 50 |im are 
employed, comparison between this approach and the 
more accurate approach [17] has demonstrated that 
the difference in the diffraction suppressions calcu
lated via these approaches does not exceed 20%. 
Hence, it is reasonable to estimate the number of blocks 
with the help of the simpler technique [ 14]. At the pho
ton energy (0 =  67 keV, a,„ ~0.2 mrad exceeds the char
acteristic total reflection region A 0 ~ 3 x 10 s rad by 
almost an order of magnitude. Hence, when a photon 
can hit at least five blocks, the probability of the 
repeated reflection of a singly diffracted photon can be 
disregarded in the first approximation.

The formation of the experimentally measured 
fixed-energy photon yield is related to their decrease 
due to diffraction or absorption and generation caused 
by electron passage through the crystal under study. 
Hence, the effective mean free path of photons in a 
crystal must be chosen as the characteristic distance 
corresponding to the formation of the recorded radia
tion yield, instead of the photon absorption length /a, 
as was done in [11]. In other words, it is necessary to 
use the mean distance covered by the photon that has 
escaped from a crystal into the spatial angle overlapped 
by the crystal-diffraction spectrometer:

2 ^
[('/' -  t)dt U  S(co, n, t)c/Q
J J J/Ym/YO

( U )  =

dctidQ.

d̂t j f l f c ü  J - d2I * 
c / o k / Q

.Y(co, n, t)cKl

where d 2I* is the spectral-angular distribution of the
d(üdO.

bremsstrahlung intensity with allowance for the multi
ple scattering of electrons in a target [14], ^(co.n, t) is 
the coefficient characterizing the absorption of pho
tons with the direction of motion n and energy o  in a 
target material and the efficiency of the crystal-dif
fraction spectrometer, and T  is the crystal thickness. 
Integration is performed over all escape angles and 
photon energies with allowance for the angular and 
energy capture of the spectrometer. According to sim
ulation, the re-reflection-induced changes of the pho- 
ton-path length in the material hardly affect the quan
tity (/ph) at all. Hence, at the assigned values of co and 
T, this quantity can be regarded as invariable.
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The effective length depends on both the electron 
and photon energies and the crystal thickness. When 
the crystal thickness increases and the electron energy 
decreases, the quantity (/ph) increases due to the stron
ger influence of the multiple scattering of electrons in 
the crystal. At the photon energy co = 67 keVin a tung
sten crystal 0.41 mm thick, (/ph) 236 |im > /a ~ 184 |_im.

The contributions of blocks to the minimum of the 
measured radiation yield are determined by the distri
bution of microblocks over the crystal volume and the 
characteristic angle of mosaicity. At large disorienta
tion angles of a block with respect to the main direc
tion, the energy of photons diffracted by the block is 
beyond the energy capture of the spectrometer. There
fore, there is no block contribution to the recorded 
diffraction suppression. If the energy change A® of 
diffracted photons is smaller than the energy capture

AE of the spectrometer (i.e., A® ~ eocos^  A0 < A E,
sin 0

where A 0 is the maximum spread in the angular dis
tribution of mosaic blocks with respect to the main 
direction), this effect can be disregarded. If this condi
tion is not satisfied, the percentage of blocks excluded 
from the formation of the diffraction suppression of 
the flxed-energy photon yield must be determined 
according to the distribution of microblocks over the 
disorientation angles. In addition, in determination of 
the characteristic length of a block, the corresponding 
corrections must be applied.

In the case of the tungsten crystal used in the exper
iment [12], this condition is sufficiently well fulfilled. 
Let the disorientation angles of the blocks with a m ~
0.2mrad have Gaussian distribution (Fig. 3). In this 
case, if angle ±2am containing the disorientation angles 
of -95% of all blocks is chosen as A0, the estimated 
quantity A® ~ 1.3 keV will be close to the energy capture 
AE~  1.2 keV [15]. This implies that all blocks located 
near the effective path length of the recorded photons 
participate in diffraction suppression. Therefore, in this 
tungsten crystal, the characteristic sizes of the blocks 
are /bl ~ (/ph)//Vb| -40—45 |_im instead o f-30 |im.

In measurements of the characteristic sizes of 
microblocks in aa-class crystals, it is not necessary to 
use an accelerator with an energy of -1  GeV as in the 
experiment [ 12]. Since the X-ray diffraction process is 
independent of the electron energy, relatively inexpen
sive electron accelerators with energies of 30—50 MeV 
can be employed to perform the measurements. How
ever, the baselines must be sufficiently long to imple
ment the technique of extracting radiation of fixed 
energy with the help of crystal-diffraction spectrome
ters. In this case, the functional diagram of the setup 
intended for the implementation of the proposed 
technique is similar to the scheme shown in Fig. 1.

The application of electrons with lower energies is 
beneficial because the X-ray frequency range has no 
forward PXR capable of masking the diffraction sup
pression of the radiation yield [11, 12] underlying the 
analyzed technique of estimating the characteristic 
sizes of microblocks. Thus, measurements can be car-

Efficiency

Fig. 6. Efficiency of the crystal-diffraction spectrometer at 
Ee = 50 MeV and co = 67 keV Here, unfilled and filled cir
cles designate a point beam and a beam with a size of 5 x 
16 mm, respectively.

ried out at lower photon energies, thereby restricting 
the crystal region under consideration and the number 
of blocks contributing to the recorded suppression of 
the photon yield.

From the viewpoint of the analyzed technique of 
estimating the quality of crystal structures and the 
characteristic sizes of microblocks, an important dis
tinction between high- and moderate-energy acceler
ators is that the latter ensure a substantially larger elec
tron beam size on a target: 5 x 10 mm or more [18]. 
The resolution and efficiency of the crystal-diffraction 
spectrometer depend on the angular distribution of 
radiation incident on the crystal-analyzer and the dis
tances between the target generating the radiation 
under study, the crystal-analyzer, and the diffracted 
radiation detector. A change in the size of the radiating 
region varies the angular distribution of radiation on 
the crystal-analyzer and can worsen the recorded radi
ation monochromaticity and, consequently, the sensi
tivity of the proposed technique.

To check the influence of changes on the spectrom
eter resolution according to the technique [15], the 
efficiency of the crystal-diffraction spectrometer was 
simulated on the basis of a mosaic PG crystal 2.5 mm 
wide at different cross sections of an electron beam 
falling on the crystalline sample of interest. The simu
lation results obtained at electron and photon energies 
of 50 MeV and 67 keV, respectively, are depicted in 
Fig. 6. Other conditions coincide with those of the 
experiment [12] performed at this photon energy. In 
the first case (the results are designated by unfilled cir
cles), the size of the electron beam was not taken into 
account (the point-beam approximation). In the sec
ond case (the results are designated by filled circles), 
the vertical and horizontal sizes of the electron beam 
were 5 and 16 mm, respectively.

As is seen in Fig. 6, the increased sizes of the elec
tron beam do not affect the characteristics of the spec-
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trometer. The area below two dependences (the total 
efficiency of the spectrometer) varied by less than 2%. 
However, the resolution reduced by -30%. Therefore, 
as can be expected, changes in the depth and wide of 
the OD minimum, which arise from the diffraction 
suppression of the bremsstrahlung yield in the perfect 
crystal, will be approximately identical. In connection 
with this, it should be noted that, for the conditions of 
the experiment [12], the ODs of the radiation yield cal
culated for the same sizes of the electron beam on the 
tungsten crystal turned out to be absolutely identical.

Another feature of a microtron and a linear accelera
tor (the most widespread electron accelerators of moder
ate energy) is the short acceleration cycle: -6 —10 |is. 
Its duration is comparable with the typical pulse width 
of the Nal(Tl) detector (-1 —8 |as, depending on the 
type of detector used). Hence, to eliminate superposi
tions and extract photons with a single reflection order 
by means of a differential discriminator (as was done 
in the experiment [12]), the accelerator current must 
be maintained so that only 0.2—0.4 pulses can be 
recorded over one cycle of acceleration [19].

To obtain statistical error at level of 1—2% at an 
accelerator frequency of 50 Hz, the exposure time of 
each crystal orientation must be no less than 400 s. The 
reliable extraction of the effect of diffraction suppres
sion can be implemented by measuring the radiation 
yield at 100—200 points with a step of no more than 
-0.1 mrad. As a result, the 15-h continuous operation 
of an accelerator is required. To adjust the orientation 
of the crystal-analyzer of the spectrometer and find 
the diffraction suppression regions for each desired 
plane of the crystal under study, approximately the 
same time is required. When the accelerator frequency 
is reduced to 10 Hz (as was done, e.g., in [20]), the 
duration of one measurement becomes practically 
inadmissible.

Such a drawback can be overcome with the help of 
a diffracted radiation detector in the integral mode. As 
was demonstrated in [20], this mode of detector oper
ation makes it possible to measure the ODs of the radi
ation yield at 500 points. Measurements were per
formed for 30—40 min with an error of - 1 —2% even 
when the detector was located in the experimental 
hall. If the detector is reliably protected against the 
background, the contribution of photons not partici
pating in the diffraction process is less than 3—5% 
[13, 16], confirming the possibility of implementing 
this measurement scheme.

In the operation mode described above, the radia
tion from several orders of reflection (instead of one 
order as in the experiment [12]) is simultaneously 
recorded and, consequently, can be interpreted only 
during processing of the measured results. It should be 
emphasized that the integral reflectance of the PG 
crystal is less in the second order of reflection than in 
the first order by a factor of at least 20—25 [13]. Hence, 
the contribution of high-energy photons to the 
recorded suppression of the radiation yield will be 
approximately the same. If necessary, the contribution

of the second and successive orders of reflection can be 
decreased by selecting a detector with a low efficiency 
at these photon energies. The low-efficient detector 
also enables us to reduce the contribution of the high- 
energy background of rescattered bremsstrahlung.

One of the main advantages of the proposed tech
nique for investigating the microstructure of crystal
line samples is the possibility of varying the photon 
energy within wide limits (up to 100—150 keV). As a 
result, the thickness of the samples under study can be 
increased and the mutual disorientation of blocks at an 
angle o f - 10 s rad can be observed. This effect cannot 
be revealed by means of photons with co -  10 keV or 
less because the angular region of total reflection, 
which restricts the sensitivity of traditional X-ray dif
fraction methods to the mutual disorientation of 
blocks inside the crystal, A 0 ~ co 1 is ~10 4 at these 
photon energies. Another main advantage of the pro
posed technique is the possibility of estimating the 
number and characteristic longitudinal sizes of blocks 
in almost perfect aa-class crystals. Note that such 
information cannot be obtained via other traditional 
methods [10].

As was ascertained in [11], the limitation of block 
sizes can suppress the yield of the coherent 
bremsstrahlung of fast electrons in a mosaic crystal 
and the related positron yield [21] if the disorientation 
angle of adjacent blocks exceeds the characteristic 
radiation angle y 1 and their size is less than the radia
tion formation length, or the so-called coherent

1 1 Ylength: /coh ~ 8 . Here, 5 = ----------is the minimum
2 E I -  x

transferred longitudinal momentum, where x = co//:’ is 
the relative photon energy and E  is the particle energy. 
The system of units h = me = c = 1 is used. The exist
ence of this effect is caused by the suppression of the 
coherent bremsstrahlung yield at a crystal thickness of 
T < U [  22].

Owing to the finiteness of microblock sizes, the 
effect of suppression of the coherent bremsstrahlung 
yield can manifest itself only if the formation length is 
comparable with the microblock sizes of a real crystal,
i.e., is no less than several tens of micrometers. Since 
coherent amplification of the radiation yield is 
observed if the condition gt ~ 5 is fulfilled (here, gt ~ 
gsin\|/ is the longitudinal momentum transferred to the 
crystal during radiation, g is the crystal’s reciprocal- 
lattice vector, and \|/ is the angular disorientation of the 
axis or crystal plane with respect to the particle motion 
direction), to satisfy this condition, the angle of elec
tron incidence with respect to the fundamental crys- 
tallographic directions must be small (~10 4 rad).

As is known [1], a particle trajectory is bent if the 
particle incidence onto the axis or plane is at an angle 
smaller than the critical angle \|/c of axial or planar 
channeling. Its capture into the motion mode is possi
ble under the condition of axial or planar channeling. 
The periodic bending of a particle’s trajectory, which 
arises from the channeling effect, can lead to a new
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radiation mechanism, i.e., channeling radiation [23], 
and to the disappearance of coherent bremsstrahlung, 
because the theory of this mechanism implies that a 
particle moves along a straight line at distances of 
about the radiation formation length.

According to experimental investigations and the
oretical calculations, the measured results deviate 
from those predicted by the coherent bremsstrahlung 
theory because the particle’s straight-line motion 
approximation is violated. The deviation begins at the 
crystal axis (or plane) disorientation angles \|/ < 5\|/c 
[24]. When a particle moves with respect to the crystal 
axis or plane at these angles, its motion is not straight. 
Hence, the coherent bremsstrahlung mechanism is 
not fulfilled.

Therefore, the suppression of the coherent 
bremsstrahlung yield discussed in [11], which is 
related to the finite sizes of microblocks in mosaic 
crystals, can manifest itself only if the particle motion 
trajectory is not bent due to the averaged potential of 
axes and planes of a crystal. For relativistic electrons, 
\|/c is always noticeably greater than the angle \|/, at 
which the coherent length of photons is close to the 
microblock sizes in real crystals at the coherent 
bremsstrahlung spectrum maximum. Hence, the 
above-discussed effect is masked by the significantly 
stronger effect of the coherent scattering of particles 
due to the averaged potential of axes and planes of a 
crystal. Thus, it is likely that this effect cannot be 
extracted in the pure form.

The kinematic relations and formulas describing 
the processes of coherent bremsstrahlung and the 
coherent generation of electron—positron pairs 
(CGPs) in oriented crystals resemble each other 
[22, 25]. Hence, the influence of finite block sizes on 
the process characteristics [11, 22] can be observed 
also for the CGPs mechanism. In this case, its coher
ent length can also be written as /coh ~ 5 However, 
the minimum transferred longitudinal momentum is

defined differently: 5 = —----- -— . Here, co is the pho-
2ay( l - y )

ton energy and y = 1 •’<_,/co is the relative energy of any 
particle of a pair. The distinctive definition of the 
quantity 5 leads to an abrupt decrease in /coh. Thus, 
even if the photon energy co ~ 10 GeV, its value does 
not exceed 10 2 |_im. On the other hand, manifestation 
of the suppression effect is not restricted by finite 
block sizes due to the coherent scattering of particles 
as in the coherent bremsstrahlung process. Hence, in 
principle, this effect can appear in the experiment.

It is not ruled out that this effect has already been 
observed, but has not been interpreted correctly. At the 
beginning of the 1970s, to create a linearly polarized 
photon beam with the energy co ~ 10 GeV via the 
selective absorption method [26] and to measure the 
linear polarization of a photon beam with the energy 
co -  16 GeV [27], mosaic PG crystals with a block 
mosaicity size of ~ 1 |im were used [9]. The PG crystals’ 
mosaicity a m > 3—4 mrad is substantially greater than

the characteristic escape angle of a paired particle with 
respect to the photon motion direction co 1 ~ 
0.1 mrad. In other words, the probability that neigh
boring blocks are rotated via angle co 1 is close to unity.

PG crystals have a “ 1 D ” reciprocal lattice, i.e., 
ordered periodicity in one direction. When compared 
to ordinary 3D crystals, such a structure ensures their 
undoubted advantage in the creation of polarized 
beams of high-energy photons and analysis of their 
polarization [26, 27]. However, PG crystals have not 
found application in experimental physics to obtain 
polarized photon beams of high energy because the 
experimental result of these studies were not coinci
dent with the theoretical calculations according to the 
CGPs theory [22, 25].

In PG crystals 61 and 31.5 cm thick used as a polar
izer and an analyzer in the experiment [27], the mea
sured attenuations of a photon beam with co ~ 16 GeV 
turned out to be less than the theoretical values 
obtained in [25] by -10%. The authors of the cited 
study have explained the difference in the results by 
errors of normalization of the experimental data.

The orientational dependence of the degree of the 
linear polarization of radiation produced by the selec
tive absorption of high-energy photons in the thick PG 
crystal, measured with the help of the coherent gener
ation of p°-mesons [26], differed considerably from 
the theoretical curve [25]. The degree of linear polar
ization turned out to be less than the calculated value 
by -10%. For the reciprocal lattice sites 002 and 004, 
the values of the coherent effect were less than the cal
culated values by approximately 40 and 20%, respec
tively, i.e., differed from the results of measuring the 
coherent bremsstrahlung spectra of electrons with 
energies of 870 MeV in the PG crystal of the experi
ment [29], where good agreement was achieved 
between the results of measurements with theoretical 
calculations [22, 25].

The assumption that, for the reciprocal lattice sites 
002 and 004, the atomic screening function of the 
graphite crystal varies by 8 and 12% in comparison 
with the atomic screening function of a free atom of 
carbon [28] does not agree with the results of the 
experiment performed in [29], where the same atomic 
screening function of a free atom of carbon [28] was 
used in the calculation, and data on X-ray diffraction 
in PG crystals [30].

In two performed experiments, the measured 
coherent effects inherent to the generation of elec
tron—positron pairs in mosaic PG crystals turned out 
to be less than the theoretically predicted values 
[22, 25] by approximately 10%. Hence, it can be 
assumed that the discrepancy between the measured 
and calculated results is caused by a real physical rea
son. It is not inconceivable that the true reason is the 
limitation of block sizes in this crystal. For proving or 
disproving this hypothesis, it is necessary to perform 
calculations with allowance for this circumstance and 
the real conditions of the cited experimental studies, 
the results of which will be presented later.
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CONCLUSIONS

The results of the performed investigations can 
briefly be summarized as follows.

The ba class of a crystal leads to a cardinal change 
in the orientation dependence of the diffraction sup
pression of the fixed-energy bremsstrahlung yield in 
comparison with measured results [ 12].

Measurements of the diffraction suppression of the 
fixed-energy X-ray yield (the X-rays are generated by 
fast electrons in a crystal) and its comparisons with the 
suppression measured or calculated for a perfect crys
tal make it possible to reveal internal blocks rotated at 
an angle 0  > A 0 ~ 10 s rad and determine the charac
teristic longitudinal sizes of microblocks in the crystal 
under the condition that the recorded suppression is 
significantly less than the suppression inherent to the 
/»«-class crystal with the same characteristic angle of 
mosaicity.

The technique for estimating the characteristic 
sizes of microblocks in crystals according to the dif
fraction suppression of the fixed-energy X-ray yield 
can be applied not only to accelerators with high ener
gies but also to electron accelerators of moderate 
energy because the resolution of the crystal-diffraction 
spectrometer is hardly affected by the electron beam 
size on the target.

In the practical implementation of the technique in 
accelerators with a short acceleration cycle, it is rea
sonable to employ the integral pickup of information 
from a diffracted radiation detector, which enables us 
reduce the duration of measurements for one crystal- 
lographic plane to 8—10 h.

For relativistic electrons, the effect of axial and pla
nar channeling masks the manifestation of coherent 
bremsstrahlung due to the finite sizes of blocks in 
mosaic crystals [11]. Hence, this effect cannot pre
sumably be extracted in the pure form.

In pyrolytic graphite crystals, the finite sizes of 
microblocks can lead to noncoincidence between the 
measured and calculated results in the experiments 
[26, 27]. Confirmation of this hypothesis or elicitation 
of another reason of noncoincidence makes it possible 
to return to the use of PG crystals in the formation of 
photon beams with the high energy (co> 10 GeV) anal
ysis of their polarization.
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