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Summary. — The results of a set of experiments on X-ray emission yield of ω ∼ γωp

energy, generated by 500 MeV energy electrons in oriented tungsten single crystals
are presented. The experiments were performed at Tomsk synchrotron using crystal
grating spectrometers based on mosaic crystals of pyrolytic graphite. It is shown
that the measurement results are caused by the competition of two mechanisms:
parametric X-ray emission along the particle velocity and bremsstrahlung diffraction
in mosaic crystals of aα group. A method for determining the characteristic bulk
dimensions in mosaic crystals of aα group is suggested.

PACS 61.05.C- – X-ray diffraction and scattering.
PACS 41.60.-m – Radiation by moving charges.
PACS 61.50.-f – Structure of bulk crystals.

1. – Introduction

Diffraction of the Coulomb field of a fast charged particle propagating in a crystal
gives rise to parametric X-ray radiation (PXR) [1,2]. The theory predicts the existence of
PXR reflections propagating both along the direction of Bragg scattering and at a small
angle along the emitting particle velocity. However, while for the first of the observed
reflections, studied in detail theoretically and experimentally, there is good coincidence
between the experiment and the theory (see, for example, [3, 4] and references therein),
PXR at small angles along the velocity of a particle, or as it is sometimes called the
forward PXR, discovered recently in the experiments with tungsten crystal [5, 6] and
silicon [7] does not yet have an adequate theoretical description.

The main difficulty in comparing the measurement results of forward PXR with the
theory by contrast to the traditional PXR is that, when PXR emits at high angles to
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Fig. 1. – Experiment scheme. W—tungsten crystal; PG—crystals of pyrolytic graphite; NaI—
NaI(Tl) spectrometers; S—converter.

the motion direction of the particle beam it can be relatively easily separated from back-
ground bremsstrahlung and measured by conventional X-ray detectors. The transition
radiation and bremsstrahlung propagate in the same direction as that of a forward PXR,
therefore the selection of this PXR branch became possible only by using crystal grat-
ing spectrometers. The efficiency of such devices essentially depends on the spectral
and angular distribution of registered radiation, which makes the direct comparison of
measurement results with the calculation difficult because the calculation must take into
account the actual characteristics of the measuring equipment. An additional problem
is that the photons of bremsstrahlung and transition radiation can also diffract in the
crystal, where forward PXR was born, that complicates the interpretation of the results.
Imperfection of the crystal structure can also affect the characteristics of the detected
radiation. Basing on the above mentioned, it is important and relevant to describe the in-
fluence of experimental conditions and the contribution of the diffraction of real photons
on the radiation yield in experiments on the forward PXR, in particular, in [5, 6].

2. – Experiments and measurements results

The scheme of the experiment [5] is shown in fig. 1. Electrons accelerated to final
energy E0 = 500 MeV were incident on a single-crystal target placed in a goniometer.
The radiation under study propagated through a collimator, “purified” by a magnet
and was directed to an experimental hall, where the detecting equipment was installed.
The crystal was oriented with respect to the electron beam direction according to the
readings of a NaI (Tl) detector, in the Compton mounting, which detected photons upon
channeling and bremsstrahlung with energy ω > 0.5 MeV scattered in the converter.
The parameters of the electron beam, and experimental instruments and the method of
orientation are considered in [8, 9].

To detect the radiation with fixed energy, two crystal grating spectrometers based
on mosaic crystals of pyrolytic graphite with dimensions 2.5× 6.5× 22.5 mm3 and 3.5×
5.5×20 mm3 mounted in goniometers at a distance of 13–15 m from the tungsten crystal,
where the studied radiation was generated, were used. Distribution of mosaicity of the
graphite crystals was determined during the experiment [10].

Under these conditions the energy resolution of spectrometers depends weakly on
crystals mosaicity, but is determined by their angular aperture (Δθx ∼ ±0.1 mrad, Δθy =
±0.6 mrad) and the collimation angle of the diffracted radiation Θx = 0.4–0.7 mrad. In
the work [11] on the basis of further development of the approach [10] a new method for
calculating the efficiency of the spectrometers using the method of statistical simulation is
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Fig. 2. – Orientation dependences of the X-ray radiation yield. a) 1 : ω = 95 keV; 2 : ω = 67 keV;
b) 1: ω = 40 keV; 2 : ω = 28.3 keV.

suggested and implemented. During the matching of calculation and experiment results
(see next section) the spectral distributions of the spectrometers efficiency, obtained using
this technique, were used.

Measurements were performed for a tungsten single crystal of size 8.5 × 0.41 mm3,
with the orientation of 〈111〉, and the surface mosaic structure σ ≤ 0.2 mrad. The crystal
was mounted in the goniometer so that the plane (112̄) was almost vertical. This allowed
to study the dynamic effects in radiation both for (112̄), and two planes (110), turned
by 30◦ with respect to this plane. The measurements of orientation dependence (OD) of
the yield of scattering radiation photons in the case of plane channeling [5] showed that
the plane (112̄) is turned by the angle β = 3.5◦ ± 0.2◦ with respect to the vertical plane.
Therefore, dynamic effects in radiation were observed for each of the crystal planes and
fixed energy of photons for different orientation angles of the crystal.

In accordance with [12] a natural boundary manifestation of forward PXR is the pho-
ton energy ω = γωp ∼ 80 keV, where γ is the Lorentz factor, and ωp is the plasma fre-
quency of the medium. Therefore, measurements were performed for photon energies ω =
96 keV > γωp, and three photon energies below this limit: 67 keV, 40 keV and 28.3 keV.

The measurements showed that for photon energies 96 keV and 67 keV no forward
PXR peaks were observed. The presence of the crystal structure manifested in the
decrease in the number of photons detected by spectrometers when the Bragg energy
for the given orientation of the tungsten crystal coincided with the photon energy on
which the spectrometer was tuned (see fig. 2a). The positions of minima in the ODs
correspond to the kinematic conditions for diffraction of photons directed along the axis
of the experimental setup, with an error not worse than 1%. For example, for ω = 67 keV
the calculated positions of minima for the reflections (101̄), (011̄) and (112̄) are 46.6 mrad
49.9 mrad and 72.2 mrad. Whereas the measured values are 46.3 mrad, 49.5 mrad and
71.9 mrad. In other words, the presence of dips in the hard photons yield is caused by
bremsstrahlung diffraction inside the crystal. The depth of the minima changed from
15–18% for ω = 67 keV, up to ∼ 10% for ω = 96 keV. The typical value of the full width
of the minimum is ΔΘ ∼ 1.5–2.5 mrad.

Forward PXR was recorded only for photon energies ω = 40 keV and ω = 28.3 keV for
which the maxima were observed, whose position, as minima for hard photons, agrees
with Bragg’s law (see fig. 2b). The position and shape of the maxima were reliably
reproduced in the repeated measurements. Later the peaks for the ω = 40 keV < γωp

for the same tungsten crystal were obtained in the experiment [6].
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Fig. 3. – Spectra of diffracted radiation for ωFPXR ∼ 40 keV. Curve 1: Θ = 83.7 mrad; curve 2:
Θ = 81.1 mrad and 79.1 mrad.

To learn about the dependence of the emitted spectrum on the tungsten crystal ori-
entation angle we performed measurements of the spectrum for several angles with the
crystal grating spectrometer. In accordance with the method of ref. [10] we measured
the diffracted radiation spectra for four reflection orders in the graphite crystal with a
NaI(Tl) detector. Measurements were performed in the peak of the orientation depen-
dence for the photon energy ω = 40 keV (Θ = 83.7 mrad) and in the neighboring points
(Θ = 81.1 mrad and 79.1 mrad), curves 1 and 2 in fig. 3, respectively. The figure showed
that the radiation intensity increases only for the first reflection order, i.e. for photon
energies ω = 40 keV. For 2-4 reflection orders spectra are virtually identical. The large
width of the peaks Δω/ωexp ∼ 25% in comparison with Δω/ωcalc ∼ 1% is caused by
the low resolution of the NaI(Tl) detector. The peak for ω ∼ 12 keV is caused by the
emission of iodine CXR photons.

To determine the intensity for each reflection order Yi with energy ωi = i · ω1, where
ω1 = 40 keV is the first-order reflection photon energy, the experimental spectra were
“fitted” by the relationship

Sexp(k) = Sbg(k) +
n∑

i=0

Yi√
2πσi

exp
[
− (ki − k)2

2σ2
i

]
.

Here Sexp is the measured spectrum, Sbg is the background spectrum, k is the channel
number, i is the reflection order, ki and σi are the peak position and resolution of the
detector for i reflection order. As background spectrum the spectrum measured at the
rotation of the graphite crystal at the angle Θ ∼ ΘD/2 in the opposite direction from the
detector was used. The results of “fitting” are shown in table I. The errors are statistical
and do not include the normalization error.

Table I.

Θ (mrad) Y1 (ev./e−) Y2 (ev./e−) Y3 (ev./e−) Y4 (ev./e−)

83.7 (1.44 ± 0.01) · 10−9 (1.71 ± 0.02) · 10−10 (4.7 ± 0.1) · 10−11 (2.7 ± 0.4) · 10−11

81.3 (1.26 ± 0.01) · 10−9 (1.82 ± 0.02) · 10−10 (4.8 ± 0.1) · 10−11 (2.7 ± 0.2) · 10−11

79.3 (1.25 ± 0.01) · 10−9 (1.82 ± 0.02) · 10−10 (4.6 ± 0.1) · 10−11 (2.6 ± 0.2) · 10−11
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Fig. 4. – Calculated dependences of radiation yield. Curve 1: ω = 96 keV; curve 2: ω = 67 keV;
curve 3: ω = 40 keV; curve 4: ω = 28.3 keV.

The table shows that the difference of the yields is observed only for the angle Θ =
83.7 mrad, which is close to the Bragg angle ΘB = 83.14 mrad for ω = 40 keV. The yield
of photons with energies ω = 40 keV at ∼ is 14% higher, and with energy 80 keV at ∼
is 6% lower than that outside the range of influence of diffraction effects, where photon
yield does not depend on the crystal orientation.

3. – Analysis of the experimental results

The measurement of the photon yield for photon energies ω > γωp, where the main
mechanism for the formation of the observed OD is diffraction of bremsstrahlung, and for
lower energies, where one can expect manifestations of both mechanisms [5, 13], allows
to speak about the contribution of the bremsstrahlung diffraction for photon energies
ω < γωp as well.

Figure 4 shows the calculated orientation dependences of the X-rays yield for the
experimental conditions [5], taking into account the efficiency of the spectrometers and
the contribution of the transition radiation from the outlet face of the crystal for a range
of crystal disorientation angles 30–120 mrad and photon energies ω = 96 keV, ω = 67 keV,
ω = 40 keV and ω = 28.3 keV, in accordance with the dependence 1-4. The method of
approximate estimation of the contribution of the diffraction suppression of radiation
yield in perfect crystals is given in [14].

To confirm the calculation of the radiation yield table II shows comparison results of
experimental and calculated radiation yields from a tungsten crystal for the experimental
conditions [5] outside the range of influence of diffraction effects. The errors do not in-
clude the normalization error of the experimental data ∼ 15%. The results for the photon
energies 28.3 keV, 40 keV, 67 keV and 96 keV are obtained directly from the measured
OD of radiation yield, and for 80 keV and 120 keV from the spectra of the diffracted radi-
ation (see fig. 3, curve 2 and table I). In the measured yields we considered the efficiency
of the NaI(Tl) spectrometers, used in the experiment, calculated using the Monte Carlo
method, the absorption of radiation in the outlet flange of the accelerator and in the air
on the way from the accelerator to the detector. The calculation considers the efficiency
of the spectrometers, the bremsstrahlung suppression due to the density effect [15] the
radiation absorption in the crystal and the contribution of transition radiation from the
outlet face of the target.
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Table II.

ω (keV) Yexp (phot./elect.) Ycalc (phot./elect.) Yexp/Ycalc

28.3 (1.16 ± 0.05) · 10−9 1.27 · 10−9 0.96

40 (2.0 ± 0.1) · 10−9 2.13 · 10−9 0.95

67 (14.78 ± 0.7) · 10−9 15.5 · 10−9 0.95

80 (0.40 ± 0.02) · 10−9 0.36 · 10−9 1.1

96 (5.1 ± 0.3) · 10−9 5.15 · 10−9 0.99

120 (3.6 ± 0.4) · 10−10 3.47 · 10−10 1.04

The figure shows that the depth of the dips in the calculated orientation dependences
for planes (110) and photon energies 67 keV and 96 keV, respectively ∼ 2.5% and ∼ 1.5%
is almost five times smaller than in the experimental ones ∼ 15% and ∼ 10%. The width
of the calculated dependences is roughly 1.5-2 times smaller than the experimental one
(see previous section and fig. 2a). The position of confidently manifested dips coincides
well with the calculation including the weaker reflecting planes (112) and (220). The
experimental dips for these planes are 5-7 times deeper than the calculated ones.

It is known that mosaic crystals better reflect X-rays than perfect ones [16], that
may explain the relatively deep dips in the measured OD. On the other hand, in the
analyzed experiment the dynamic effect in fast electrons emission in crystals was first
observed, that by default assumes the perfection of crystal structure. The way out of this
dilemma is to take into account the fact that in mosaic crystals dynamic effects in the X-
rays reflection can also occur [16]. For this purpose it is necessary that the dimensions of
blocks with perfect structure are larger than the length of primary extinction (∼ 2−3 μm).
The particular bulks, rotated at a small angle Θ > Δθ relative to the middle direction,
increase the probability of reflection of photons with energy, at which the spectrometer
is configured, that results in the increase of the dip depth and width.

To estimate the contribution of the diffraction losses effect to the detected radiation
yield one can take the ratio of the absorption to the bulk average length. Based on the
ratio between the experimental and calculated dip depths for photon energies ω = 67 keV
(∼ 5.4) and the absorption length of photons with this energy la ≈ 183 μm the average
dimension of blocks in the tungsten crystal used in the experiments of [5, 6] is ∼ 30 μm.
Since σm ≈ 0.2 mrad is comparable with the width of the Darwin table Δθ ∼ 0.03 mrad,
then the effect of multiple reflections of the diffracted radiation should be observed,
which causes the dip depth decrease. Therefore, the actual number of blocks, which
caused the experimentally registered suppression of the bremsstrahlung yield, is higher
and the average length of the blocks is, respectively, smaller. This is, in particular, proved
by the fact that, for weak planes (112) and (220), for which the probability of multiple
reflections is much lower because of the reduced Δθ and the increased lex, the relation
of the amplitudes of the experimental and calculated dependences increases to ∼ 8–10,
which corresponds to the block length ∼ 20 μm.

To confirm the crucial contribution of mosaicity to the diffraction suppression of the
bremsstrahlung yield we can refer to the fact that in the experiment [17], where the same
experimental facilities and measurement techniques were used to study the dependence
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of the radiation yield on the orientation of a perfect silicon crystal, the dips in the yield of
hard photons with energies ω > γωp were not observed at a essentially lower statistical
error. Whereas in similar measurements for the tungsten crystal with a thickness of
1.7 mm and a surface mosaicity σ ∼ 0.5 mrad [18] such dips were distinguished clearly.

The absence of a dip in the photons yield OD with ω = 40 keV in the experiment [5]
is caused by the forward PXR contribution, compensating the loss of radiation yield due
to bremsstrahlung diffraction inside the crystal for the energy range ω < γωp. Good
agreement between the measured and calculated radiation yields for the photons energy
ω = 40 keV and 28.3 keV, outside the range of influence of diffraction effects allows to
estimate forward PXR yield from the tungsten crystal for the conditions of this exper-
iment. For the photon energy ω = 40 keV, solid angle ΔΩ = 2.02 · 10−7 sr and energy
capture of the spectrometer Δω = 0.276 keV (FWHM) the excess of the yield at the
maximum of OD for the plane (011̄)ΔYexp = (0.58±0.1) ·10−9 phot./elect. ∼ 28% of the
total bremsstrahlung and transition radiation yield outside the region of the influence of
diffraction effects was detected. For the photon energy ω = 28.3 keV, ΔΩ = 1.94 ·10−7 sr
and Δω = 0.172 keV this value was ΔYexp ∼ 22% of the incoherent substrate. A lower
value of forward PXR contribution for this photon energy is caused by the large contri-
bution of transition radiation from the crystal outlet face (∼ 68%) compared with the
measurements for ω = 40 keV (∼ 20%).

For the experimental conditions [5], the perfect crystal, the plane (011̄) and the pho-
ton energy ω = 40 keV, the depth of the dip, caused by bremsstrahlung diffraction, in
accordance with the calculation results must be ∼ 5% of the substrate. For the length
of the absorption la ≈ 48 μm and the average block size l ∼ 20 μm the suppression of
bremsstrahlung yield of about 10% of the substrate should be observed due to the mo-
saic diffraction. Consequently, the observed OD for the photon energy ω = 40 keV (see
fig. 2b, curve 1) is the sum of the photon yield OD from forward PXR with the amplitude
Y FPXR

exp ≈ (0.8 ± 0.1) · 10−9 phot./elect. ∼ 40% of the substrate and of OD due to the
bremsstrahlung diffraction suppression in a mosaic crystal with the depth of ∼ 10% of
the total photon yield outside the range of influence of diffraction effects.

In the experiment [6], where the same tungsten crystal was used, for photon en-
ergy ω = 40 keV the forward PXR yield is comparable with the resulting yield of the
bremsstrahlung and the transition radiation. Basing on the data on the experiment geom-
etry, given in the above cited work, we calculated the characteristics of the spectrometer
for photons energy ω = 40 keV by the method of [14] and obtained the following values of
energy and angular captures of the spectrometer Δω ≈ 0.176 keV and ΔΩ ∼ 1.16·10−7 sr.
Outside the range of influence of diffraction effects the estimated value of the photon yield
from a tungsten crystal, detected by the spectrometer, coincides with the estimated value
given in [6], with an error of ∼ 10%.

The increase in electron energy from 500 MeV to 855 MeV in the experiment [6] re-
sulted in the suppression of the intensity of the bremsstrahlung due to density effect of
Ter-Mikaelian [19] and the decrease of the relative fraction of the bremsstrahlung up to
∼ 40%. Because of the improved energy resolution the depth of calculated OD for a per-
fect crystal rose to ∼ 10%. Therefore, reducing the amplitude of the maximum, caused
by the forward PXR, due to the diffraction suppression of the bremsstrahlung yield in
the mosaic crystal with the characteristic length of the block ∼ 25 μm should not exceed
10% of the incoherent substrate.

The obtained results allows to offer a new way to evaluate the quality of thick crystals
structure and characteristic size of bulks by the relation of the experimentally measured
value of diffraction suppression with the calculated or measured one for a perfect crystal.
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These measurements can be done on the medium-energy electron (E0 ∼ 30 MeV). Basic
requirements are: a goniometer with a rotation step of no more than 0.1 mrad and
a sufficiently large basis, by which one could implement the method of isolating the
radiation with fixed energy and resolution of Δω/ω ≤ 0.5% using a crystal grating
spectrometer based on a perfect or mosaic crystal.

4. – Conclusion

The results of these studies can be briefly formulated as follows:

1) The measurement results of the X-ray yield in the experiments [5, 6] are caused
by the competition between two mechanisms: forward PXR and bremsstrahlung
diffraction in mosaic crystals of aα class.

2) Based on the comparison of the measured diffraction suppression of radiation emis-
sion with the calculated or measured one for a perfect crystal one can define the
average size of the bulk along the motion direction of the electrons.
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